LR Technical Association 


The Technical Investigation 
Department 


50 Years of Operation 


by J. S. Carlton and I. Bantham 


lloyds 
4 JOVYOS 
PF AacHiClor Paper No 1 
OIC > 
Register Session 1997-1998 


Marine Data Systems 
London 


The authors of this paper retain the right of subsequent 
publication, subject to the sanction of the Committee of 
Lloyd’s Register of Shipping. Any opinions expressed and 
statements made in this paper and in the subsequent 
discussions are those of the individuals and not those of 


Lloyd’s Register of Shipping. 


Written contributions to the discussion of this paper are 
invited from members of the Lloyd’s Register Technical 
Association. To ensure inclusion in the discussion paper, 
the contributions should be received by the Hon. Secretary 


in London not later than 31st July 1998. 


© Lloyd's Register of Shipping 1998. All rights reserved. 
Except as permitted under current legislation no part of 
this work may be photocopied, stored in a retrieval 
system, published, performed in public, adapted, 
broadcast, transmitted, recorded or reproduced in any 
form or means, without the prior permission of the 


copyright owner. 


Enquiries should be addressed to Lloyd’s Register of 
Shipping, 71 Fenchurch Street, London EC3M 4BS, 
England. 


HONORARY SECRETARY, LR TECHNICAL ASSOCIATION 
A. J. Williamson 
71 Fenchurch Street, London EC3M 4BS 


LR Technical A 


The Technical Investigation 


Department 


50 Years of Operation 


by J. S. Carlton and |. Bantham 


John Carlton trained initially as a mechanical 
engineer and upon completion of these 
studies he read for a degree in mathematics. 
After a period of time in the Royal Naval 
Scientific Service, where he was concerned 
with hydrodynamic research, he joined Stone 
Manganese Marine in 1969. During this time, 
he was involved in the design of marine 
propellers and bow thrusters as well as 
undertaking research into propeller off-design 
performance. In 1975, Mr Carlton joined 
Lloyd’s Register, first in the Technical 


Irving Bantham served an apprenticeship at 
the marine engine works of Wallsend Slipway 
& Engineering Co. Limited which included a 
period of secondment to Parsons & Marine 
Engine Turbine Research & Development 
Association (PAMETRADA). During this time, 
he studied and completed marine engineering 
studies at Sunderland Technical College and 
the University of Newcastle-upon-Tyne and 
was awarded a BSc degree. Subsequently, he 
served as an engineer officer with Regent 


Investigation Department, where he served for 
nine years in general engineering analysis and 
trouble shooting roles, and subsequently, in 
the Advanced Engineering and Performance 
Technology Departments. In 1987 he became 
Deputy Head of the Performance Technology 
Department and in 1992, Head of the 
Technical Investigations Department. In his 
present role as Senior Principal Surveyor he 
also sits on several international technical 
committees and is author of the book Marine 
Propellers and Propulsion. 


Petroleum Tankship Co.Limited and Alfred 
Holt during which time Mr Bantham obtained 
a First Class Certificate of Competency 
(Steam and Motor). On appointment to 
Lloyd’s Register in 1971 he was employed as 
an engineer surveyor at Newcastle-upon- 
Tyne. In 1972 he transferred to Headquarters, 
London and became a member of the 
Technical Investigation Department. He is 
currently the Principal Surveyor and Deputy 
Head of the Department 


Table of Contents 


Synopsis 
Introduction 
Origins and Work of the Department 


akon — 


Principal Failure Modes 


6 Vibration Excitation 


7 Typical Case Studies 


8 Condition Monitoring 


Development of Measurement Techniques 
Development of Computational Methods 


5.1 
5.2 


6.1 
6.2 
6.3 


7.1 
7.2 
7.3 


8.1 
8.2 


Failures in Metals 
Failures in Concrete 


Propusor-Hull Interaction 
Main or Auxiliary Machinery Excitation 
Wave Excitation 


Ship Based Investigations 
Land Based Investigations 
Offshore Based Investigations 


Marine Machinery Condition Monitoring 
Structural Condition Monitoring 


9 Concluding Remarks and some Underlying Lessons from Failure Investigations 


10 Acknowlegements 
References 


LR 


Synopsis 


The Paper marks the fiftieth anniversary of Lloyd's 
Department and 
considers some of the experience gained during 


Register’s Technical Investigation 
troubleshooting and problem solving activities since the 
Department was formed. Following a brief resume of the 
origins of the Department and its work, attention is turned 
to the various full scale experimental and computational 
techniques that have been developed. The most common 
forms of failure encountered today are identified and 
discussed, as are the more usual types of shipboard 
vibration excitation. Several examples of interesting or 
novel investigations in the marine, land-based and offshore 
industries which embrace specific engineering lessons are 
outlined. The Paper finally moves to a discussion the 
Department's work in the condition monitoring of marine 
machinery and land and offshore structures before 
concluding with some comments based on the more 
general experience gained during the course of the TID’s 
activities. 
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1 Introduction 


‘Those who do not remember the past are condemned to 
repeat it’, so wrote the Spanish born philosopher George 
Santayana in the early years of this century [1]. Although 
this caution was expressed in the context of general 
philosophical and political argument, it is nevertheless true 
for engineering design and operation. This is because 
engineering is not a precise science; rather it is a 
combination of scientific method and_ engineering 
experience combined with manufacturing and operational 
practice and capability. This Paper, drawing as it does on 
the experience gained during the course of engineering 
investigation, seeks to contribute to the body of knowledge 
on the causes of engineering failure and unexpected 
performance together with the methods by which this can 
be investigated. 


The Technical Investigation Department (TID) of Lloyd's 
Register (LR), since its formation fifty years ago, has been 
invited to investigate some of the more intractable 
engineering problems posed by the marine industry. It has 
done this by a combination of trial measurement, theoretical 
analysis and engineering judgement based on _ the 
Department's accumulated experience. This experience has 
embraced a full range of failure and mal-performance based 
engineering problems from the marine, land-based and 
offshore industries. To address these problems TID 
comprises a multi-disciplinary group of engineers and 
scientists which includes mechanical, marine, civil and 
structural engineers, naval architects, physicists, electrical 
and electronic engineers, mathematicians, computer 
scientists and statisticians. The talents of this relatively 
unique group of highly qualified engineers and scientists are 
combined to provide a high quality, rapid response technical 
consultancy and advisory service to the marine industry, the 
other industries that LR serves and to LR itself. These 
activities are supported by instrumentation and material 
investigation laboratories. The Department also conducts 
medium and long term marine engineering research and 
development to equip LR, in keeping with its divisional 
strategies, with the necessary capabilities to meet future 
requirements based on a continuing review of technological 
development. Clearly, by the nature of the Department's 
primary work, many of the research initiatives derive from 
the failure scenarios presented to TID. 


Many engineering investigation activities involve an 
iteration which commences with a hypothesis about the 
failure mechanism or the underlying cause of an 
unexpected performance. From the initial working 
hypothesis, either a suitable instrumentation fit and trials 
programme is prepared or, alternatively, a theoretical 
model is derived to test the validity of the hypothesis. In the 
former case, following the full scale trials stage of the 
investigation, an analytical or numerical model may be 
formulated in order, first to obtain correlation with the 
quantitative trials data set and then, secondly to extend this 
domain so as to formulate proposals for appropriate 
remedial action. In the latter case a similar procedure 


applies but without the benefit of measured data, the 
correlation being undertaken by comparing the predictions 
with the observed qualitative behaviour and other standard 
test cases. In these cases significant demands are placed on 
the selected analytical or numerical procedures which, in 
turn, require that the chosen methods are well correlated 
and that their predictions can be generally supported by 
less detailed methods or heuristic insights into the 
appropriate behaviour. For both situations the accumulated 
experience of past failures and the factors involved in their 
manifestation are an essential ingredient. Consequently, to 
satisfactorily execute an investigation a unique blend of 
measurement and theoretical analysis combined with a 
sound historical knowledge of failure situations is essential 
for each case. 


2 Origins and Work of the 
Department 


Lloyd's Register’s Technical Investigation Department was 
formed in 1947 under the then Chief Engineer Surveyor, Dr 
S.F. Dorey. His primary purpose in forming the Department 
was: 


To give LR a capability to explore marine failures and to research 
technical problems with a view to improving the Rules. 


This vision has remained the guiding principle for the 
Department to the present day. However, when dwelling 
on the work of TID it should not be concluded that LR 
commenced its interest in failure mechanisms and Rule 
development at the time of TID’s formation. Clearly, prior 
to this time LR had undertaken significant amounts of 
research and development as witnessed by both the stage of 
development of the Rules at the time TID was inaugurated 
and the various references in LR’s Annals to Principal 
Surveyors for Research. In the years preceding the 
formation of TID the following short references, taken from 
the Society’s Annual Reports for 1929/30 and 1946, 
highlight LR’s commitment to research and development: 


1929/30 Annual Report 

“The Committee are keenly alive to the importance of 
investigating, under sea-going conditions, the problems affecting 
the behaviour of ships. 


Mr B.C. Laws, one of the Society's Special Surveyors for Research 
read two papers ...... in which were included the results of 
investigations which had been made by him. ...... . From these 
investigations much useful information has been collected, which 
is of great value to the Society and to shipping interests generally. 


The results are such as have encouraged the Committee to proceed 
further with this work, and investigations of a similar nature will 
be undertaken in the near future”. 


1946 Annual Report 

“Despite the pressure brought about by all these war needs, 
Lloyd's Register has continued its scientific enquiries, and our 
Research Departments have been widely developed. Many 
interesting and important investigations have been made, which 
have proved of great assistance to Owners, Builders and the 
Government. Completely revised rules have been prepared in 
connection with electric welding to accord with latest practice, 
and new rules have been framed for such subjects as gear cutting 
and torsional vibrations of shafts”. 


At the time of its formation much of the Department's early 
work centred on torsional vibration problems, hull 
vibration and material fatigue. In the case of hull vibration, 
an extensive series of studies were undertaken in 1947 ona 
wartime ship in the River Fal in Cornwall using a purpose 
built exciter made in the Department. In contrast, the work 
on metal fatigue took place in an old earth floored 
laboratory, once used by Stephenson, in the Stavely Iron 
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Works. Recognising the importance of specimen size on the 
results of fatigue tests, in order to maximise specimen size 
the equipment used for this work was designed by 
members of the Department to function on an electrically 
induced resonance principle. Although designed by them 
and their colleagues, this equipment was not entirely liked 
by the members of the Department assigned to undertake 
the experiments as during the lengthy trials the resonance 
properties of the machines varied in sympathy with the 
electricity grid loads and needed constant fine adjustment 
by the Surveyors around the clock. 


The earliest consultancy report that survives in the 
Departmental archives is dated the 18th September 1948 
and relates to a torsional vibration investigation on the 
main machinery of the M.V. Turoy, conducted during trials 
on the River Humber. Since that time a complete set of 
TID’s reports is maintained in the Department's library. 
Apart from the longer term research work in ship and 
machinery vibration which formed an underlying theme of 
the Department's work, consultancy investigations rapidly 
settled down into two relatively distinct types. These were 
problems with ship’s machinery or structure which 
persisted while the ship was operating at sea and which, 
therefore, had to be investigated at sea and, secondly, major 
failures which occurred at sea and incapacitated the ship, 
consequently causing serious delay. This is a distinction 
which continues to the present time. 


From the beginning TID needed to provide a rapid response 
service to any part of the world and this was made possible 
by the growing international airline network. However, even 


Table 1 

Primary Classification of Investigations 1947 - 1996 
Marine % | Land Based Industries} % 
Hull/Mach. Vibration 25.8 | Petro-Chem/ Indust Pkt 


Shafting 24.1 | Power Stations 


Diesel Engines 14.1 | Miscellaneous 

Gearing Buildings 

Power Absorption Nuclear 

Noise 2.7 | Docks and Harbours 

Turbines 2.5 | Bridges 3.3 

Electrical 2.4 

Propellers 2.1 | Offshore % 
[Lessa 

Auxiliary Machinery 2.0 | Platforms 58.3 

Condition Monitoring 1.9 | Miscellaneous 33.3 

Boilers 1.6 | Pipelines 

Couplings/ Clutches tes 


Ship Structural Failure ie 


Rudders 


Environment 


Miscellaneous 


Pipelines 0.4 


HHL 
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by 1951 the novelty of TID surveyors providing this kind of 
service still warranted mention in the Annual Report. 


“Surveyors of the engineering research department have flown 
many thousands of miles in the past year to investigate urgent 
problems on behalf of shipowners and ship and engine builders. 
Two examples may be quoted as typical of the service rendered: 


A flight was made to Aden to a deeply laden cargo liner in which a 
serious gearing failure had resulted in a reduction of speed to about 
3 knots. Temporary repairs were effected involving the removal of a 
substantial portion of the damaged gear teeth in place, utilising the 
engine turning gear and a jury rig for a large lathe tool; the 
balancing of the damaged pinion by estimate, and the correction of 
the mal-alignment of turbines and gearing which had been the cause 
of failure. These repairs enabled the ship to proceed without further 
trouble to a United Kingdom port under her own power at 9 knots. 


At the request of a shipbuilder, a flight was undertaken to a 
Caribbean port where an investigation confirmed that lateral 
vibration, indicated by calculation, was the reason for the very 
heavy wear experienced in the tail shafts of two new twin screw 
ships. Interim precautionary measures were recommended, the 
adoption of which has considerably reduced the rate of wear. A 
modification of the design has now been put in hand with a view 
to the elimination of the trouble.” 


Today the Department’s ability and reputation for 
responding rapidly to calls for assistance are rightly taken 
for granted by clients and LR alike. Since the Department's 
formation it has undertaken 4775 investigations up to the 
end of 1996 and the growth of these with time is seen in 
Figure 1. An increasing demand for the services on offer can 
be seen with areas of significant activity in the late 1950's 
and early 1970’s. The fall off in the last year has been due to 
the separation of LR’s environmental activities into a 
specialised department which had previously been grown 
to a mature state within TID through LR’s Marine Exhaust 
Emissions Programme [2] and work on Ro-Ro vehicle deck 
emissions and habitability. Indeed, throughout the life of 
TID there have been several examples of particular 
activities forming and being developed to a suitable stage 
where specific services could be offered to industry. 


Analysis of the Department's database, Table 1, shows the 
distribution of investigation types that have been 
undertaken in each of the marine, land based and offshore 
sectors. The subdivision of the marine categories in the 
Table is more extensive because this area forms the major 
part of the Department's work. As such, the miscellaneous 
category in the marine grouping is significantly smaller 
than the other two where, for example, a wide range of 
investigation work is undertaken that does not 
conveniently fit into the standard categories. 


When considering the data presented in Table 1, clearly 
these assignments have not been equally distributed over 
the years. Indeed, in TID’s experience, it is a general 
characteristic that investigations tend to be grouped into 
subject areas for discrete periods of time. Figures 2 to 4 
show typical examples of the variable trends with time for 
hull and machinery vibration, shafting, and diesel engine 
investigations; these being the three largest categories 
shown in Table 1. 
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Figure 1 
Distribution of Investigations by Year 
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Figure 2 
Distribution of Hull and Machinery Vibration Investigations 
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Figure 3 
Distribution of Shafting Investigations 
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Figure 4 
Distribution of Diesel Investigations 
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Within the various general categories there are some cases 
where subdivisions of investigation activity are of interest. 
These are shown in Figure 5 for the general categories of 
shafting, turbines, diesel engines, boilers, propulsors and 
electrical investigations. 


The ability to take engineering measurements in a wide 
range of environmental and in-service conditions, when 
coupled to an analysis and interpretation of the results, has 
enabled the Department to undertake a wide range of 
technical verification tests. Lloyd’s Register’s reputation for 
independence, integrity and impartiality provides an 
important commercial advantage for these services. 


Apart from the routine work associated with ships 
acceptance trials; power measurements, noise and vibration 
surveys and bollard pull certification for tugs, there have 
been many unusual applications for TID’s expertise, 
especially in measuring strain, displacement and 
acceleration. 


The manufacturers of aviation flight simulators have 
adapted their product to perform fun rides in modern 
theme parks. These motion machines are subjected to 
stringent design safety assessments and subsequent 
operating licence regulation by the relevant National 
authorities. Cyclic loading of the fabricated lattice 
structures is a difficult design problem and fatigue cracks 
have occurred in some installations. 


Full scale stress measurements have become an integral part 
of the design verification procedures. Strain gauge positions 
are selected after studying the results of finite element 
calculations, and typically about 50 three-element rosettes 
are fitted. The strain measurements together with the 
hydraulic actuator loads and displacements are recorded by 
data-loggers, not only for the normal ride sequence, but also 
under simulated failure conditions. TID analyse the data to 
give the principal stress fluctuations which are then used in 
conjunction with welded joint fatigue life design limits to 
estimate the endurance of the structure. 


Similar strain gauge measuring techniques are used in 
pressure vessel hydraulic tests. For this work it is normal 
practice to fit the strain gauges on each side of the vessel's 
shell to differentiate between membrane and bending 
stresses. 


Ultrasonic methods are used to align the external and 
internal gauges. Techniques have also been developed to 
waterproof the internal gauges and their electrical 
connections for pressures up to 200 bar. 


One particularly interesting use of strain monitoring is 
during the mechanical stress relief of large containment 
structures. This procedure is usually applied when thermal 
stress relief is impractical due to the size of the pressure 
vessel. The principle of mechanical stress relief is to subject 
the vessel to hydraulic pressure cycles such that it attains a 
stress-stable condition with fully elastic behaviour up to the 
‘standard’ test pressure. Structural response in the vicinity 
of stress concentrations is measured by strain gauges and 
acceptance is based on a demonstration of elastic 
characteristics at the gauge positions during two 


consecutive cycles up to the ‘standard’ pressure. ASME VIII 
Division 1 specifies the appropriate requirements for the 
test procedures. 


Acceleration measurements were central to the testing of a 
novel capsule which was intended as an emergency escape 
from offshore platforms. The capsule was designed to 
operate as a free vertical fall unit with adjustable ballast so 
that on impact with the sea it would have a slightly 
negative buoyancy. A small propulsion motor could then 
propel it as a submerged craft beneath any fire surrounding 
platform, before the ballast was discharged. It was hoped 
that drops exceeding 25 metres might be feasible if suitable 
suspension arrangements for the occupants could be 
devised. When the capsule was released from a barge 
mounted crane the best seating arrangement, according to 
the dummy occupants on board, was supported by a rigid 
suspension. The various alternative arrangements 
incorporating springs, hydraulic and gas dampers gave 
higher accelerations, which in some cases were sufficient to 
break the safety harnesses during the recoil. It is suspected 
that the project test programme may still be waiting for its 
first human volunteers. 


Not all investigations fall into the traditional mould of 
marine and industrial problems. Some, while being serious 
in their own right, are memorable for the circumstances in 
which they were carried out. One such example from the 
1960's concerned an upper floor dance hall above some 
shops with large plate glass windows. Dances were held on 
Saturday nights together with a non-stop lunch time 
session. Problems arose when shoppers were on occasions 
startled to see the plate glass windows bulging 
rhythmically and tins bouncing on the shelves in harmony. 
After several evenings spent measuring vibration on and 
around the dance floor, with notebooks bearing such 
unusual entries as Quickstep — 2.5 cycles per second, TID 
surveyors established that the dancers, particularly in their 
interpretation of the latest hit March of the Mods, were 
exciting the resonant frequency of the main girders 
supporting the floor. The problem was solved by placing 
pillars at strategic points under the girders. This is one 
example where building vibration has provided an 
interesting investigation: other examples have been 
associated with the piling action for locks on a river and its 
effect on ancient buildings, the condition monitoring of 
post tensioned concrete bridges or the effect of passing 
heavy London traffic on historic buildings. 
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®@ Figure 5 
Subgrouping of some Investigation Categories 
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3 Development of 
Measurement Techniques 


As highlighted earlier, the diagnosis of machinery failures 
or mal-performance requires many skills in order to 
develop a satisfactory solution. The use of appropriate 
measurement capabilities is one aspect of the problem and 
TID uses both standard off-the-shelf instrumentation and 
also, where necessary, develops equipment or measurement 
techniques to meet the needs of particular or a class of 
investigations. In all cases of standard or developed 
instrumentation, to be of value the instruments must have 
traceability to national standards and TID rigorously 
adheres to this policy. 


In marine field investigations ease of instrument application 
is a critical parameter; both with respect to the time required 
to install equipment and to the level of instrumentation skills 
needed. To illustrate this point, strain gauges have been fitted 
by Departmental staff in the last twelve to eighteen months in 
temperatures as low as -25 deg C, in snow storms and rain or 
in the humidity and temperatures of the tropics. These 
various installations have, when complete, been required to 
work in nominally dry or wet conditions, interfacing with a 
variety of fluids, to be fitted to shafting systems which could 
not be stopped and be exposed to operating temperatures of 
several hundreds of degrees. As for time constraints, these 
can be exacting; recently, for example, in order to coincide 
with a ship’s sailing schedule a system of ten shaft alignment 
strain gauges was fitted to the shaft, wired up, calibrated and 
the alignment trial undertaken in 4 hours. 


The underlying philosophy relating to engineering 
investigations is that, if possible, measurements, or for that 
matter computations, made by one generic form of 
procedure are to be supported by those from a different 
generic form. Additionally, as an investigation proceeds and 
particularly if it is of an exploratory nature, it may be 
necessary to improvise or develop instrumentation in the 
field which can be a difficult undertaking in some of the 
remoter locations of the world. 


Figure 6 
TID Laboratory - Equipment Preparation 
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The development of new instrumentation or methods can 
be either short or long term, depending upon whether the 
result is required for a particular assignment or for a 
generalised investigation procedure. By way of example of 
the short term development, the expansion of the UK 
Nuclear programme in the late 1950’s and early 1960's led 
to an urgent requirement for the TID Laboratory to develop 
new encapsulation methods for strain gauges; the annual 
usage being of the order of 10000. The majority of the 
technical development work is normally carried out in our 
laboratory, Figure 6, and in some cases may extend over a 
number of years. Examples of longer term developments 
have been strain gauge shaft alignment, gear tooth root 
strain techniques, propeller blade strain measurement, data 
transmission and remote trial control methods. 


3.1. Shaft alignment 

The self weight of the shaft, the overhung propeller and its 
associated operational loads, gear wheel meshing and the 
flexibility and loading of the ship’s structure combine to 
make the alignment of the shaft supports, both in height 
and attitude, a non-trivial process. In addition to the 
operational loads, deflections from the nominal may also 
arise from structural deformation as the hull is welded, 
thermal distortion of the structure due to the sun, variations 
in attitude between dry docking and afloat, and residual 
stresses which may relax once a service load has been 
experienced [4]. 


As far back as 1951, methods by which the alignment of 
marine shafting could be undertaken without breaking the 
couplings were being developed by members of the 
Department. This early work resulted in an alignment 
indicator which was a three point support instrument 
comprising an Invar chassis and a strain gauged Tufnol 
cantilever with a hardened steel insert. The instrument was 
clamped to the shaft and measured the change of strain as 
the shaft was rotated using the turning gear. This 
measurement procedure was superseded in the early 1960's 
by the direct use of strain gauges bonded to the shaft. The 
practical interpretation of these measurements, the 
corresponding theoretical calculations and the results of 
other alignment techniques has been continuously 
developed to the present day. 


The basis of the strain gauge method is that the bending 
moment at any station in the shaft can be considered as 
comprising two components: the moment arising from self 
weight with the bearings positioned in a straight line and 
the moment arising from the deflections from the straight 
line condition. To measure the actual bending moment in a 
shaft, Figure 7, strain gauge half bridges are fitted, usually 
at two stations per span. By using pre-encapsulated, pre- 
wired gauges, with fast curing resin or cyanoacrylate 
adhesives, reliable installations can be applied very quickly 
After instrumentation the shaft is rotated through 360 
using the turning gear, with strains measured at 90 
intervals to obtain bending strain data for the vertical and 
transverse alignments. The differences in strain across the 
diameter are used to evaluate the shaft bending moments 
The straight line bending moments are calculated from a 
theoretical representation of the shafting system together 


with the influence coefficients for the load-deflection 


va 


No 2 Plummer 


Sterntube bearing 


Figure 7 
Typical Alignment Strain Gauge Configuration 


response at each bearing. By subtracting the straight line 
bending moments from the measured bending moments 
and using the computed influence coefficient data a desired 
alignment to meet the operational conditions can be 
derived. Furthermore, from a proper treatment of the 
system boundary conditions, loads on inaccessible bearings 
in the gearbox or at the stern tube bearings can be 
determined. The measurement procedure is applied in 
either the hot or cold state and the ballast and loaded 
conditions. In more complex situations, the procedure can 
be employed dynamically by using radio telemetry systems 
for signal transmission. 


This method of alignment is particularly useful in 
investigation situations. However, it does have some 
disadvantages, as indeed do the other more commonly 
employed methods of jacking and measuring gaps and 
sags. In line with the Departmental philosophy strain 
gauge alignment results would, where possible, always be 
confirmed with a jacking trial as the two methods tend to 
complement each other. Some relative merits of the three 
methods are compared in Table 2. 
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3.2 Gear tooth strain measurement 


Within a typical marine gearbox there are many mechanical 
and thermal interactions; for example, between the gearbox 
housing and hull structure, the relative attitude of the 
various components within the gearbox, thermal effects 
due to loading or lubrication systems, manufacturing 
deficiencies and the power transmitted. The traditional 
method of examining the contact markings across gear 
teeth is by the use of Engineers’ Blue or hard lacquer. The 
disadvantage of these methods is in the variations of load 
distribution that may be encountered as the transmission 
torque load is increased throughout the power range or, 
alternatively, during transient conditions such as propeller 
ice contact. To overcome these types of problems the 
techniques and advantages of measuring the root strains in 
the teeth of the pinions or wheels of gear trains were further 
developed from the original work of Pinnekamp [5]. 


To monitor the operating strain distribution across the teeth 
require many channels of strain gauge 
instrumentation. To overcome this problem an elegant use 
of the Wheatstone bridge has been evolved, Figure 8a. 
Strain gauges are mounted in the roots of successive teeth, 
outside of their respective areas of contact, and connected 
into the bridge circuit. The signature which results as the 
wheel rotates takes the form shown in Figure 8b. Thus four, 


would 
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Table 2 
Some Relative Merits Alignment Methods 


Method Advantages Disadvantages 


Strain Gauge Method Shafting is fully coupled e Time and skill needed to fit the strain gauges 
Journals are in their normal static e Arrangements are needed to turn the shaft 
attitude in relation to the bearing 
surfaces 
Gives results for inaccessible bearings Relies on a theoretical calculation 
Gives vertical and transverse Does not detect a bent shaft 
alignment results 
Quantifies the loads imposed by the 
propulsion shafting on direct drive 
diesel crankshafts 
Easily applicable to investigate the 
effects of draught and machinery 
temperature 


Jacking of Bearings Shafting is fully coupled Can be used only for accessible bearings 

Uses simple equipment Is impractical for transverse bearing loads 

Gives information that can be used to Support conditions at adjacent bearings are affected 

estimate the bearing adjustments as the shaft is raised. 

Can detect a bent shaft Hysteresis can cause significant uncertainty in the results: 
either from the friction in the jack seals or between the 
journal and bearing surface. Can be partly counteracted 
by using a load cell rather than the jack hydraulic pressure. 
Interpretation of the results can easily be erroneous if 
adjacent bearings become unloaded as the shaft is raised 
Theoretical calculations are needed to derive correction 
factors if the jack is not positioned close to the bearing, 
or the shaft span to an adjacent bearing is small. 


Gaps and Sags The most convenient way of establishing Shafting must be uncoupled. 
the alignment of the machinery relative Temporary supports are often needed. 
to the sterntube bearings during Coupling flanges must be in good condition — uncorroded. 
newbuilding 
Simple measurements. Shaft alignment is sensitive to measuring tolerances and 
small errors. 
Addresses vertical and transverse 
alignment. 
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b) Analogue record of tooth root bending strain 


To transmitter 


a) Typical wiring diagram of strain gauges 


Figure 8 
Gear Tooth Strain Measurements 
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Figure 9 
Stage in the Instrumentation of Gear Wheel 


or even eight, strain values depicting the general tooth root 
stress distribution can be obtained from one channel and, if 
non integer tooth ratios are present, the differences between 
the meshing of individual teeth can be distinguished. Most 
importantly, the effects of load sharing, alignment and helix 
mis-match can be monitored throughout the speed range. 
The installation of strain gauges in the roots of gear teeth 
requires the use of miniature gauges, of about 1.0 mm 
gauge length, together with high levels of expertise; 
particularly as the work is often done with the gears in situ. 
The measured strains are transmitted from the rotating gear 
component by means of radio telemetry and Figure 9 shows 
a typical installation. 


To interpret the large quantities of measured data 
satisfactorily, computer based statistical techniques are 
employed in order to separate the mean load distributions 
from the tooth to tooth variations inherent in the meshing 
process. In these trials the absolute strain levels are of less 
importance than their qualitative variation with loading 
and running conditions. 


3.3 Propeller blade strains 


The measurement of propeller blade strain has long been 
considered a difficult problem. The traditional method has 
been to require the centre boring of the tail shaft in order to 
bring the instrumentation signal leads inboard from the 
propeller so that they can be transmitted from the rotating 
shaft by means of telemetry or slip rings. In the case of TID 
the last use of slip ring technology was in the early 1970's. 
lo simplify the measurement procedure in overcoming the 
centre boring problem and also increase the reliability of the 
strain gauge installation, a three year programme of work 
was commissioned in the TID laboratory. This involved the 
development of a suitable underwater telemetry technique 
and the extensive testing of waterproofing, protective 
compounds and installation procedures in order to protect 
the strain gauges and their associated leads from the 
ingress of sea water over a period of months and attack 


from cavitation 
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To carry out blade strain measurements the propeller is 
normally marked out and gauged in a dry dock, preferably 
with the propeller removed from the shaft although this is 
not a constraint on the use of the method. Following the 
gauging process the waterproofing and cavitation resistant 
coatings are applied. This centres around a two-coat 
protective system for the strain gauges and their signal 
leads. The signal leads from the gauges are connected to 
individual FM transmitters housed in a purpose designed 
casing mounted on the propeller boss at either the forward 
or aft end, depending on the space available. From there the 
signals are led to a common transmitting aerial mounted on 
the forward end of the boss under the rope guard. Facing it, 
is a receiving aerial which can be mounted up to 20 mm 
distant. The FM signals are transmitted across the water 
gap, and then conducted through leads, protected by metal 
conduit, around the stern of the ship to the recording 
instrumentation. The collage of pictures in Figure 10 shows 
the various instrumentation stages. Although subjected to 
hostile conditions and installed under less than ideal 
conditions, the protective encapsulation on the propeller 
blades generally survives for several months at sea. 
Notwithstanding its successful use in measuring propeller 
blade strains, the method has also been used for measuring 
bending strains in the shafting aft of the stern seal and can 
be applied to other similar situations in hostile 
environments. 


3.4 Data Transmission 


Long term measurement exercises can gather large 
amounts of data but in today’s economic climate can be 
expensive if continual attendance by a TID Surveyor is 
required. In recent years much work has been undertaken 
within TID to harness the power of modern communication, 
data logging and computational systems in order to 
provide effective remote investigation capabilities. Typical 
of an application of the results of this initiative is the 
measurement of the response of a marine structure to 
environmental and operational loading in another 
European country, but controlled and monitored from the 
Department's laboratory in the UK. This type of approach 
offers distinct advantages in the context of minimal 
attendance on site for certain kinds of investigation and 
monitoring activities at sea and on land. Furthermore, the 
reliability of these kinds of method, when used in 
conjunction with mixed mode instrumentation, has been 
shown to be satisfactory. Figure 11 shows a _ typical 


installation using this approach. 


Further developments in the related field of digital image 
transmission have also taken place. These now permit an 
investigation surveyor at a remote location in the world to 
consult, if he so wishes, an expert colleague at the 
Department's base in Croydon with the aid of pictorial 
images of the failure being considered. This is achieved 
using a real time, digital image link with two way 
communication by means of any convenient telephone link. 
Figure 12 shows just such a case relating to a crankshaft 
failure with the inset to the figure illustrating the level of 
detail that can be transmitted with the appropriate 
equipment. 
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Figure 10 


Stages in the Instrumentation of Propeller Blades 
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Remote Data Acquisition System 
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Figure 12 
Digital Transmission of Visual Information from a Remote Location 
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4 Development of 
Computational Methods 


To complement its measurement capabilities the 
Department maintains a strong engineering analysis 
capability to satisfactorily undertake the range of 
investigations presented to it. The essential feature, 
however, of any computational method is that it has been 
properly validated and correlated with the results of model 
or full scale experience. By way of example of the 
divergence that can occur between the results of 
computations obtained from reputable organisations, 
Figure 13 shows the propeller blade stresses calculated 
using finite element methods for a highly skewed propeller 
blade [6]: the experimental values for which were obtained 
from work done in TID using a 254mm model of a 72 
degree biased skew propeller under the action of point 
loading. As a consequence, it is of the utmost importance 
that correctly validated codes are used as a basis for 
engineering analysis. 


Computational capabilities within the Department include 
the normal range of linear and non-linear finite element, 
fracture mechanics, modal analysis and computational 
fluid dynamics capabilities and the group is continually 
active in extending the applicability and validity of these 
approaches to new engineering problems. However, apart 
from the standard commercial computational packages, 
TID has from its earliest days been deeply involved in the 
development of analysis capabilities both for its own use 
and also for the wider use within LR. Typical of this has 
been the standard alignment and torsional, axial and lateral 
vibration capabilities for LR; indeed this is an ongoing 
process into which the developing methods of analysis and 
the advances in computer science are regularly being 
incorporated. 


Specific computational developments include a propulsion 
hydrodynamic analysis suite, which embraces simple 
regression based methods through wake scaling procedures 
and surface panel methods to a vortex lattice propeller 
analysis capability which is able to estimate blade cavity 
extent, hull surface induced pressures and blade stresses 
under normal operation and in ice; a shipboard and 
offshore accommodation module noise prediction 
procedure [7]; the MERLIN thermodynamic system steady 
state and transient simulation suite [8]; and a waterjet 
analysis method to determine the hydrodynamic and 
strength characteristics of the propulsion unit and its 
auxiliaries [9]. 


4.1 Noise Prediction 


TID’s noise prediction software has been continually 
developed over the last twenty years and is used for the 
majority of the prediction calculations. Noise abatement 
measures are widely applied in a ship to control the noise 
and, as such, the calculation also considers the noise 
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Figure 13 
Comparison of Different Propeller Blade Stress Calculations 
with Experiment 


reductions achieved. It comprises three modules covering 
airborne, structureborne and HVAC noise calculations. 
Figure 14 shows the flow chart of the program. 


The airborne noise calculation module is based on the 
assumption that the airborne overall sound pressure level 
in the receiving space is equal to the combined effect of the 
sound power levels emanating from all significant noise 
sources. The partition insertion loss in way of the noise 
transmission path and the acoustic properties of the 
receiving space are considered in the process. 


The major assumption in the structureborne noise 
calculation module is that vibratory energy transmits into 
the structure from noise sources in the form of acoustic 
frequency vibration. The attenuations are considered to be 
concentrated at structural discontinuities, such as deck 
plate stiffening, junctions of deep frames and bulkheads, 
and junctions of shell plating with decks, along the path 
between the source and the receiving end. Studies of data 
collected through measurements provide nominal values, 
and as a rough guide, structureborne intensity reduces on 
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average by about half a decibel per frame. Structureborne 
noise also falls with vertical distance from the source; for 
example, the noise reduction on the first two decks is 
approximately 5 decibels per deck and on subsequent decks 
is around 2 decibels per deck. 


The calculation of HVAC noise depends on a knowledge of 
the sound power output of the fans in the air conditioning 
system. The noise emitted from air outlets in the receiving 
space will depend on the amount of noise attenuation due 
to the length of ducting, types of duct branches, air flow 
rates and the characteristics of any silencers fitted. 


The sound pressure level at the receiver is calculated in the 
frequency range 63Hz to 8kHz from the results of these 
individual calculations. It has been demonstrated that the 
results of the analysis procedure when compared to full scale 
measurements made by the Department on a range of ships 
and platforms generally lie within a range of around 3 dB(A) . 


4.2 MERLIN Suite 


The MERLIN-DEEPC software is a one dimensional, 
transient capability primarily developed for engine 
performance evaluation and exhaust gas emissions 
prediction from a wide range of diesel engine and pressure 
charging systems. The range of engine types that can be 
modelled embraces high, medium and slow speed engines 
together with flow path modifications such as, for example, 
exhaust gas recirculation. Figure 15 shows a typical 
MERLIN idealisation of a diesel engine while Figure 16 
shows a comparison of the experimentally measured and 
predicted results for a two-stroke marine diesel engine. 
The MERLIN capability was not written for any specific 
engine configuration or thermo-fluid system. Instead, it is 
based on the philosophy that the user is allowed to build- 
up the system of interest, no matter how complex, by 
specifying a unique connectivity from a series of primary 
engineering building blocks representing commonly used 
components such as compressors, turbines, cylinders, 
valves, pipes, volumes, orifices, and so on. An appropriate 
combination of these building blocks can be selected to 
model either internal combustion engines or other thermo- 
fluid systems. The selected combination of the building 
blocks can be linked together by specifying node numbers 
at the connection of one building block to another. MERLIN 
understands this information and automatically couples 
the required mathematical models to solve the system 
specified. Within the suite of programs is a pipe wave 
dynamics capability which can be used to investigate the 
properties of single or branched systems incorporating 
uniform or tapered members. 


4.3 Waterjet Analysis 


Due to the recent increased usage of waterjet units and the 
associated increase in installation powers and, hence, size, 
a method for the hydrodynamic and strength analysis of 
waterjet units has also been recently developed in TID. The 
method was based on a modification of Wu’s original 
comprehensive theoretical formulations, including the 
through-flow analysis model in which turbo-machinery 
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Schematic representation of the MTU series $95 engine (12 Cylinders) 


Figure 15 
Typical Idealisation of a Marine Diesel Engine 


flows are specified in terms of stream functions on 
orthogonal meridional stream surfaces, designated S1 and 
$2, as shown in Figure 17. 


Within the code, the waterjet’s axi-symmetric channel may 
be of arbitrary shape, for which a finite difference mesh is 
automatically generated and the flow velocities are 
determined from first derivatives of the stream function 
and the stream surfaces are determined by interpolation 
between the finite difference grid points. Offsets of the 
camber surface are then obtained at intersections between 
the co-axial stream surfaces and the rotor and stator blades. 
During successive iterations new stream surface locations 
and energy transfers are determined by including the 
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Comparison of measured and predicted cylinder pressure and exhaust emissions for the two-stroke engine at full speed, 
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influence of the rotor and stator rows in the principal 
equations. When a converged solution is obtained from the 
finite difference scheme and camber surface model, the full 
aerofoil sections are determined from intersections of the 
final stream surfaces with the rotor and stator blades. A 
cascade flow analysis is then performed on each stream 
surface using an approach based on Martensen’s surface 
vorticity formulations which leads to a more accurate 
assessment of the boundary layer development, cavitation 
performance and tendencies for flow 
particularly in the stator row. 


separation, 
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During the development of the present hydrodynamic 
model, the kernel finite difference schemes were validated 
against published case studies and specific CFD studies. 
The surface vorticity used in the cascade model was 
verified against published aerofoil and cascade data, while 
the torque characteristics of a waterjet unit were verified by 
comparison with data from sea trials undertaken by the 
Department. Figure 18 shows the predicted and measured 
power consumption of a three bladed waterjet unit fitted to 
a high speed catamaran. 
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(a) Through-flow Meridional Stream Surface S1 


Figure 17 
Flow Surfaces of a Waterjet Analysis 
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Figure 18 
Comparison of Measured and Predicted Power Absorption 
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(b) Through-flow Meridional Stream Surface $2 
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5 Principal Failure Modes 


The majority of failure investigations encountered today 
involve aspects of fatigue. Other failure modes such as 
brittle failure and creep are less frequently encountered 
with pure ductile failures being a rare event. In 1975 
Scholey and Lintell-Smith [10] gave an excellent paper to 
the LRTA on crack and fracture mechanisms and the 
following discussion is directed towards updating that 
work from an engineering investigation perspective. 


5.1. Failures in Metals 


5.1.1 Fatigue Failures 

Fatigue failures require cyclic stresses to be experienced by 
a discontinuity in the material. Furthermore, the fatigue life 
of the component will be influenced by the magnitude and 
nature, compressive or tensile, of any steady mean stresses. 
The material type, local geometry, mode of manufacture 
and the environment in which a component works also 
affect the fatigue strength. 


Fatigue failures are normally characterised by being 
transcrystalline and occur without significant plastic 
deformation. Moreover, the general appearance of a fatigue 
failure, as distinct from its orientation, will be similar for 
most modes of loading, for example, whether the failure 
has been induced by axial, bending or torsional loading or 
a combination of these. Figure 19 shows two typical fatigue 
failures, one on a propeller blade and the other on a diesel 
engine gudgeon pin. Fatigue failures are normally 
considered to progress as three distinct phases in ductile 
materials. The first phase, Stage I, is strongly influenced by 
the slip characteristics of the material, the applied stress 


level, the extent of crack tip plasticity and the characteristic 
microstructural dimensions of the material. Where cracks 
are initiated in ductile materials it is generally considered 
that the cracks grow cyclically by the deformation in the 
slip bands near the crack tip which leads to the creation of 
new crack surfaces by the mechanism of shear de-cohesion. 
In components with relatively small flaws it has been found 
that cracks can spend a considerable time in this mode of 
the development. Typically, for a propeller blade this stage 
might account for some 80 to 90% of the crack life. The 
second stage in the development of a fatigue crack, termed 
Stage Il, is where the plastic zone at the crack tip extends 
over many grains due to the higher stress intensities. This is 
in contrast to the Stage I mechanism which embraces only a 
few grains at a time and is essentially a single shear type of 
mechanism in the direction of the primary slip system. For 
Stage II crack growth the process involves simultaneous or 
alternating flow along two slip systems in the material. This 
duplex slip mechanism results in a planar crack path which 
is normal to the far-field tensile strain direction and hence 
defines the orientation of the crack face. For components or 
structures where there are significant initial flaws the major 
part of the fatigue life is spent while the crack is growing in 
this mode. Consequently, for welded structures Stage II 
crack growth laws and codes are especially applicable. One 
frequent characteristic of a Stage II fatigue failure is 
presence of striations in the fracture surface the spacing of 
which, within the applicability of the Paris Law regime of 
crack growth, has been shown to correlate with the 
measured average rate of crack growth per cycle. Figure 20 
shows a set of striations relating to a fatigue failure in the 
tooth of a gear wheel of an ice breaker. Of particular interest 
is the relatively course nature of some of the striations in 
relation to the normally observed magnifications of around 
1000 to 4000. However, it is important to note that striations 
are not always present and it has been shown that 
environmental effects can influence their development. In 
air, for example, striations are clearly seen in pure metals, 
some ductile alloys and in many engineering polymers, but 


a) Propeller Blade 


Figure 19 
Typical Fatigue Failures 
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b) Gudgeon Pin 
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Figure 20 
Fatigue Crack Striations on a Gear Tooth Failure (x500) 


this is not always the case in steels and they can often be 
indistinct in cold worked alloys. In a vacuum, striations are 
not seen in a number of alloys which would normally be 
expected to exhibit them in air, furthermore, crack growth 
rates can be an order of magnitude slower. The final phase 
of fatigue crack growth is Stage III and this is where the 
crack has grown to a sufficient size where the component 
can no longer withstand the mechanical loads imposed 
upon it and, therefore, it fails by another mode. This final 
phase in the fatigue crack life is normally very short, of the 
order of microseconds. 


Striations should not be confused with beach marks which 
are often clearly visible on fatigue fracture surfaces, Figure 
19a. Beach marks are normally associated with periods of 
crack arrest whereas striations can be thought of as being 
due to the plastic blunting of the crack tip upon each cyclic 
application of tensile stress. 


The propensity for crack growth is influenced by the 
environment due to the deleterious effect of corrosion when 
combined with stress. If the stresses are sensibly constant, 
as for example in a pressure vessel, the corresponding 
failure mechanism is usually termed stress corrosion 
cracking whereas the term corrosion fatigue is applicable 
when cyclic stresses are predominant. In practice, such clear 
distinctions are unusual because all components experience 
some stress fluctuations and significant residual tensile 
stresses can be induced by manufacturing processes. All 
environments are corrosive to some degree, even air and 
pure water, and it is interesting to note that the fatigue 
strength of samples is increased if they are tested in a 
vacuum. The crucial function of the corrosive action is its 
contribution in overcoming the stronger microstructural 
barriers during the early stages of crack growth. Such 
action is a chemical function (fluid composition, pH value, 
electropotential) and is consequently time dependent 
which helps explain why there is no conventional cyclic 
stress limit for corrosion fatigue conditions. Furthermore, 
fatigue life is not related solely to the number of stress 
cycles and the results of corrosion fatigue tests are 
influenced by the frequency of the applied loads. Corrosive 
agents include both acidic and alkaline embrittlement 
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mediums: chlorine, sodium and sulphur are commonly 
encountered in marine and industrial failures which are 
caused by corrosion assisted cracking. 


Fatigue research has more recently concentrated on short 
cracks and it has been shown that the growth rates of small 
flaws can be significantly greater than those for long flaws 
when considered in terms of the same nominal driving 
force. Figure 21 shows in schematic form the typical fatigue 
crack growth behaviour of long and small cracks at 
constant values of imposed cyclic range and load ratio. In 
this context small flaws are considered in terms of one of 
four classifications [11]: 

e Microstructurally small — Those where the crack size is 
comparable to characteristic microstructural dimensions. 

e Mechanically small —- Cracks where the near-tip plasticity is 
comparable to the crack size or which is encompassed by 
the plastic strain field of a notch. 

e Physically small — Cracks typically less than about 2 mm in 
length. 

e Chemically small — Cracks which would normally be 
amenable to linear elastic fracture mechanics but exhibit 
anomalies in growth rates below a certain size as a conse- 
quence of corrosion fatigue effects. 


Indeed, while each of these classifications present some 
difficulties from an engineering standpoint, the physically 
small flaws can be the most difficult to quantify their 
behaviour because it has been demonstrated that these 
types of cracks can grow appreciably faster than long cracks 
subjected to the same nominal stress intensity range. The 
studies of short crack behaviour and non-propagating 
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Figure 21 
Fatigue Crack Growth 
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cracks mean that fatigue failures can now be explained in 
terms of crack growth throughout the process from the first 
strain cycle to final rupture using fracture mechanics 
principles. 


Additionally, it seems likely that many familiar classical 
techniques and empirical factors used to estimate fatigue 
strength will be superseded; for example, the treatment of 
multiaxial stress states, notch sensitivity, stress-strain cycle 
counting and strain hardening or softening characteristics. 
A good illustration of this change of thinking is that the 
fatigue limit was considered previously to be identified 
only by a stress value. A better concept, however, is the 
ability of a crack, whatever its length, to propagate to failure 
because the fatigue limit refers to the stress level required to 
overcome the strongest barrier to crack growth which will 
be represented by a microstructural distance. 


Apart from the greater susceptibility of soft whitemetal 
bearing materials to crack, the effects of temperature on the 
fatigue strength of most engineering materials are not 
serious until about 400°C when all mechanical properties 
are progressively impaired. Temperature fluctuations can, 
however, cause severe thermally induced cyclic stress 
gradients which in turn induce fatigue damage which is 
manifested as crazed cracking. Typical examples are the 
overheating of diesel engine bearings and consequent 
damage to crankpins and journals and the impingement of 
water on the bore surfaces of superheated steam pipes. 


5.1.2 Fretting Fatigue 

Fretting fatigue is a special case of fatigue action which 
results from a combined mechanical and chemical action 
and in which three fundamental conditions are necessary 
for the failure mechanism to develop. These are, the ability 
of two surfaces to move relative to each other, albeit by a 
small amount; points of asperity on the surfaces which 


make contact and the presence of sufficiently high stresses 
in the vicinity of the contacting points to cause surface 
cracking. Typical engineering situations giving rise to the 


Figure 22 
Fretting Torsional Fatigue of a Shaft 
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conditions promoting fretting action are flat contacting 
faces such as flanges where shear loads across the faces may 
exist and the normal forces may permit some degree of 
slippage between them. Alternatively, holes which, for 
example, may house bolt shanks or rivets and be subjected 
to interface sliding and varying interface pressures. Further 
situations include key and keyway interfaces, leaf springs, 
splines and contacting strands in wire ropes. 


When surfaces are permitted to rub together under the 
conditions described, scars on the surface tend to form 
relatively rapidly and these often have a roughened 
appearance. In cases of fretting in steel the scars contain a 
reddish-brown oxide, often in the form of a powdery 
deposit although in some cases this may form a glaze. 
Alternatively, if the action is between aluminium surfaces 
then the deposit is black in colour. Research into the fretting 
fatigue mechanism has suggested that the nucleation of 
fatigue can result from one of a number of causes; typically 
these are an abrasive pit-digging mechanism, asperity- 
contact microcrack initiation, friction generated cyclic 
stresses that lead to the formation of microcracks and 
subsurface cyclic stresses that lead to surface de-lamination 
in the fretted region. It has also been shown that 
compressive stress between the members can have a 
beneficial effect on the suppression of fretting fatigue. 


Figure 22 shows two views of an example of fretting 
torsional fatigue which caused the failure of a shaft. This 
failure occurred on the cone end of the screwshaft and not in 
the keyway and was induced by an inadequate interference 
fit between the shaft and the bore of the mating part. 


5.1.3 Brittle Failure 

True brittle fracture occurs without significant gross 
deformation. This fracture mechanism manifests itself in a 
plane normal to the applied stress and is essentially a 
fracture mechanism which occurs through the grains of the 
material. When viewed under the microscope the fracture 
face is seen to contain a large number of facets together 


Figure 23 
Chevron Markings on a Brittle Fracture of a Plate 


with a branching pattern of cracks. In plate sections a 
pattern of chevron markings is seen, the direction of which 
points to the origin of the failure, Figure 23. While this is not 
a commonly encountered type of failure today, a recent 
example is the failure of some 38mm bolts from a steering 
gear hydraulic ram stopper pedestal, shown in Figure 24. 
These bolts were manufactured from a 0.35% C, 1.48% Mn 
steel. Material tests showed them to have a ratio of the 0.2% 
proof to ultimate strength of 98% and an elongation of only 
9%. The bolts had failed at the underhead position in way 
of a 0.45mm radius by brittle fracture. Also around the 
circumference of the failed section is a small, 5 mm deep 
region of fatigue propagation from multiple origins. 


5.1.4 Ductile Failures Types 

Pure ductile failures are rarely encountered today, however, 
a variant of this mechanism is occasionally seen. This is the 
lamellar tearing mechanism which is known to sometimes 
occur in the parent plate beneath welds in the through 
thickness direction. Figure 25 shows a classical example in 
a cruciform joint. In this type of tearing mechanism the 


Figure 24 
Brittle Fracture of a Bolt 
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Figure 25 
Lamellar Tear on a Cruciform Joint 


presence of non-metallic inclusions has a significant effect 
on its development. Another example has recently been 
found in a fractured fuel injector. The injector was made 
from a medium carbon sulphur bearing steel with a 
significant quantity of manganese sulphide inclusions 
elongated in the axial direction. The holder had cracked 
longitudinally due to the action of lamellar tearing caused 
by high hoop stresses and an unfavourable microstructure 
of the material, Figure 26. 


5.2 Failures in Concrete 


In its work TID encounters failure in a wide variety of 
materials. After metals, concrete is the next largest class of 
failure encountered. An outline follows of some of the more 
common forms of reinforced concrete deterioration, giving 
causes and tests that may assist in diagnosis together with 
some repair options. 
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a) Axial fracture face in broken injector 


b) Manganese sulphide inclusions in fractured injector 


c) Fractureface showing ductile tearing (D) and adhering 
manganese sulphide inclusions (M) 


Figure 26 
Lamellar Tear in a Fuel Injector Body 
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Spalling 

This is generally caused by reinforcement corrosion as the 
resulting corrosion products occupy a higher volume than 
the original steel. This is identified by visual inspection and 
repair is to cut back to expose corroded reinforcement, 
clean the steel by grit blasting to remove all corrosion 
products and then treat the steel. 


Cracking 

These may be thermal (drying shrinkage) or movement 
cracks due to deflection or shear forces or due to accidental 
damage. Testing is again by visual inspection and acceptable 
limits are given in BS 8110, BRE Digest 361 and elsewhere. 
Hairline cracks are generally ignored and, particularly in 
water-retaining concrete structures, may close due to 
autogenous ‘healing’. A wide variety of crack-bridging 
techniques and materials is available. If cracks are to be 
filled they should be widened to reduce the strain induced 
in the filler when any subsequent movement occurs. 


Carbonation 

Carbonation is caused by carbon dioxide in the air reacting 
with calcium hydroxide in the cement to form sodium 
carbonate. This reduces the alkalinity of the concrete, with 
subsequent risk of attack on reinforcement. To test for the 
depth of carbonation use is made of a chemical indicator 
such as phenolphthalein. Treatment is by the use of 
proprietary surface coatings. 


Chloride attack 

This may be the result of chlorides (common salt) added to 
the original mix to speed curing or external salt penetrating 
the concrete. The presence of calcium chloride increases the 
risk of accelerated reinforcement corrosion. Chloride ion 
determination is made from dust samples at certain depth 
ranges and analysed as per BS 1881 : Part 6. Patch repairs 
may buy some time but not long term durability and 
complete member replacement may be necessary. Major 
structures may be treated using one of the electrolytic 
techniques for extracting the chloride ions from the 
concrete. 


Sulphate attack 

Sulphate attack may be caused by air or groundwater 
pollution and can lead to reinforcement or wall-tie 
corrosion and, commonly, increases in volume in the 
cement paste. Sulphate attack often affects mortar joints in 
brickwork causing substantial dimensional changes. Tests 
are made in the surrounding soil and groundwater. Surface 
coating prior to attack should be made 


Alkali-silica reaction 

This is a chemical reaction between cement paste and 
certain aggregates which produces a highly expansive silica 
gel. The usual early signs are patterns of star-shaped 
cracking on the surface; as the attack progresses the 
concrete disintegrates completely. A visual check can be 
made, however, the initial on-site test is to view the surface 
under ultra-violet light which causes the silica gel to 
fluoresce. The final test is to carry out petrographic 
examination. Demolition is the only response to severe 
alkali-silica reaction. 
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Reinforcement corrosion 

Reinforcement corrosion can occur as a result of any of the 
above modes of deterioration, and can have serious 
implications for structural integrity. The position, or depth 
of cover, of reinforcement may be located using a cover 
meter survey, generally on a regular grid basis; BS 4408: 
Part 1: 1969. Electro-potential measurements using a half- 
cell, made to ASTM C876-80, combined with resistivity 
measurements can indicate a general level of corrosion. 
Repairs can be made by using cathodic protection and by 
cutting back to expose corroded reinforcement, cleaning the 
steel by grit blasting to remove all corrosion products and 
treating the steel. 


Ageing 

This is the general deterioration in strength due to age. This 
is unusual in that many concretes increase in strength with 
age. The concrete strength can be assessed from 
compression testing of 100 mm cylinders as per BS 1881. 
This may not be a problem and surface weathering can 
always be repaired. 
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6 Vibration Excitation 


Throughout TID’s existence vibration investigations have 
featured prominantly. Experience has shown that the most 
effective way of dealing with these problems is to reduce 
the excitation forces. In the marine environment excitation 
normally originates from one or more of propulsor-hull 
interaction, main or auxiliary machinery and wave action. 
Various considerations apply to these excitation sources as 
follows. 


6.1. Propulsor-Hull Interaction 


The propulsor-hull interaction problem is intimately 
related to the representation of the three dimensional 
inflow field and to the complex nature of cavitation 
dynamics on the propulsor. Both of these aspects are far 
from completely understood at this time. 


In terms of analysis effective wake is a relative concept, 
since it embodies the induction effects of the propeller 
model, and hence there are as many effective wakes as there 
are numerical propeller models. In the context of hull 
pressure the spatial, nominal wake field, normally 
measured at model scale, is the traditional starting point for 
the effective propeller inflow. The simplest approach is to 
scale the nominal velocities in the ratio of the disc mean 
nominal velocity and the effective velocity obtained from 
propulsion tests. In practice, there is a tendency to use 
methods such as the V-shaped Segment Method (VSM) and 
the Force Field Method (FFM) in which axi-symmetric 
contraction and actuator disc induction effects are applied 
to the nominal flow field. Such methods additionally 
require estimates of the propeller thrust, but do not 
generally appear to be unduly sensitive to errors in this 
parameter. Within TID adaptations of both methods have 
been used in the course of investigation and research 
activities; neither method has been found to be significantly 
more accurate than the other for all ship types. Hoekstra’s 
wake scaling method [12] has been in use at LR for more 
than 15 years, principally in providing wake harmonics for 
use in modelling cavity dynamics. In recent years 
alternative scaling procedures due to Tanaka [13] and 
Sasajima [14] have been used in conjunction with the above 
effective wake methods. None of these combined methods 
has adequately predicted mean thrust, power and shaft 
speed, although the VSM-Tanaka and FFM-Sasajima 
combinations compared favourably with a limited amount 
of ship trials results. 


Cavitation dynamics are complex and in their general form 
do not readily lend themselves to mathematical analysis. 
Blade cavitation has been one dominant source of many of 
the forced vibration problems encountered by the 
Department, and is characterised by vibration and surface 
pressure signals which normally contain significant 
harmonic content at frequencies which are multiples of the 
blade passage frequency. As the ship’s power is increased to 
service Or maximum power, the blade rate and, to some 
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extent, the twice blade rate amplitude will normally 
increase continuously throughout the power range. The 
higher harmonic content of the spectrum may also increase 
in strength but in well behaved cavitation situations it should 
remain less than the blade rate component and reduce in 
strength monotonically as the harmonic number increases. 
Where cavitation is a problem it is not uncommon to 
observe that some of the higher harmonics, in the range of 
twice to the fourth or fifth harmonic, will exceed or be of 
similar magnitude to the first harmonic in strength. It is 
likely, however, that a significant proportion of the higher 
harmonic content of the measured pressure spectra 
originates from the tip vortex following on from the cavities 
over the blades and the interaction between these two 
forms of cavitation. Typically should significant dynamic 
activity in these regions occur, then troublesome higher 
order or broadband excitation on the hull may result. Much 
yet needs to be learnt about the adequate prediction and 
behaviour of the tip vortex both in terms of its prediction 
from theoretical methods and of its inception and scaling 
from model tests. Theoretical methods of cavitating 
propeller analysis, however, can predict blade rate hull 
surface pressures reasonably well; at least to an equivalent 
error bound to the normal range of model test accuracy. 


From a practical viewpoint it is difficult to give definitive 
guidance on the acceptable levels of hull surface pressure 
for ships as the dynamic structural response of the hull and 
superstructure influences the resulting vibratory levels 
considerably. However, for the blade rate component of 
hull surface pressure, current practice suggests a reasonable 
probability of achieving an acceptable vibratory behaviour 
for the ship due to hydrodynamic excitation may be 
obtained if the values given in Table 3 are not exceeded. 


Table 3 
Typical Modern Values of Blade Rate 
Hull Surface Pressures 


General Ship Type Typical Blade Rate 
Hull Surface 


Pressure Range 


Cruise Liner 


Ro/Ro Ferry 


Container Ships and Fast Cargo Ships 3-6kPa 
Slow Bulk Trade Ships 4-7 kPa 


With regard to the higher blade rate harmonics these 
should always descend in a monotonic fashion with, as a 
guide, twice blade rate around half of the first and the third 
being of very small proportions. The harmonics beyond the 
third should generally be negligible and significant broad 
band excitation in the first decade of the blade rate 
harmonics should be avoided as this has the potential to 
excite a range of structural frequencies . 


When considering the acceptable levels of hull surface 
pressure it must be recognised that some variability will 
inevitably exist in the actual pressure signature. This will 
result from spacial and temporal variations in the wake field 
including the effects of variable gas content in the water and 
the motion of the ship and sea. These, among the other 
factors involved, induce significant variations in cavity 
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structure which may result in a wide variation of induced 
hull surface pressure. Figure 27 shows the level of variation 
that can occur in the pressure maxima measured on a ship 
which had considerable dynamic activity in the tip vortex 
structure adjacent and behind the blade trailing edge. 


Propeller-hull vortices are generated as standing vortices in 
the flow field between the propeller and the hull as a result 
of a three-dimensional stagnation region in the hull flow 
field. In some cases these vortices may also cavitate. 
Conditions leading to the promotion of this type of vortex 
are a full hull form ahead of the propeller — particularly in 
the upper region of the propeller disc, a low advance 
coefficient and a flat afterbody above the propeller. The 
excitation and response signals resulting from the dynamic 
activity of this vortex show an intermittent character in 
which very high localised excitation may be observed. 


6.2 Main or Auxiliary Machinery Excitation 


The vibration excitation forces generated by the main and 

auxiliary machinery on ships can be generally categorised 

in relation to two distinct types of machines. 

e Those with only rotating parts 

e Those with a combination of rotating and reciprocating 
parts. 


For rotating machines the principal excitation results from 
mass unbalance which generates forces and moments. 


These are rotating vectors and the corresponding vibration 
response of the machine bearings and structure which react 
the unbalance is a vibratory motion with a frequency equal 
to the machine speed; Ist order. Misalignment can also 
excite vibrations at this fundamental frequency together 
with higher harmonics and in particular a 2nd order 
component. Second order excitation is also associated with 
the universal Hooke’s joints used in cardan drive shaft 
arrangements. When such designs incorporate an 
intermediate shaft or shafts, for example the propulsion 
shafts commonly found in double-ended ferries and Z- 
drives, the natural frequencies of the lateral vibration 
modes must be carefully considered to avoid coincidence 
with the excitation from the cardan couplings. 


Certain purely rotating parts can induce excitation forces at 
frequencies with higher multiples of the shaft speed; gears, 
fans, pump impellers and rolling element bearings where 
the resultant vibrations are related to the passing 
frequencies of the gear teeth, vanes and so on. If, however, 
there are manufacturing errors such as tooth pitch 
deviations or physical damage to a tooth or roller bearing, 
the excitation is more complex due to the impulsive 
characteristics of the forces. In such circumstances the 
vibration behaviour is usually influenced more by local 
structural resonances than the impact frequency of the 
excitation forces. 


At the other extremity of the frequency spectrum, 
hydrodynamically lubricated bearings can generate journal 
reaction forces which cause rotor vibrations at a sub- 
harmonic frequency. This phenomenon occurs in high speed 
bearings and is known as half speed whirl or oil-film whip. 
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Figure 27 


Pressure range (kPa) 


Statistical Analysis of Pressure Maxima occuring on Consecutive Blade Passes of a Propeller 


Diesel engines and other similar machines have inertia 
forces induced by the motion of their rotating, 
reciprocating, and oscillating masses: crankshaft, balance 
weights, pistons, piston rods, crossheads and connecting 
rods. The development of long stroke engines has been 
accompanied by a reduction of the ratio between the 
connecting rod length and crank radius in order to 
minimise the engine height. Greater angularity of the 
connecting rod affects the piston acceleration and increases 
the higher order inertia forces. Cylinder gas pressure 
variations are a further source of excitation forces. 


The inertia and gas forces for each cylinder line are reacted 
by the crankshaft bearings and cylinder liner wall or 
crosshead bearing guides in the case of slow-speed two- 
stroke engines. The resultant external forces and moments, 
torque fluctuations and guide force moments are then a 
function of the engine firing order; that is, the fixed phase 
relationship between the respective crankthrows. These 
external forces are transmitted to the engine seating by the 
holding down bolts when the engine is rigidly supported 
on solid chocks. 


The inertia forces from individual cylinder lines can also 
combine to impose internal moments on the engine frame. 
Unlike the better known external unbalanced force and 
moment effects, internal moments are usually ignored as a 
source of vibration excitation because in theory there 
should be no transmission through the holding down bolts, 
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if it is assumed that they are reacted entirely by the engine 
frame. A small number of cases have been encountered 
when engine internal moments have excited hull girder 
vibrations, which must be attributed to an insufficiently 
stiff engine frame. Similar underlying causes have been 
identified on engines supported by resilient mountings. 
Here, the absence of any reinforcement from the seating 
stiffness has increased the cyclic deflections of the engine 
frame which in turn has excited excessive vibrations of the 
attached ancillaries. 


6.3 Wave Excitation 


The sea is a further source of excitation of ship structures by 
virtue of the ship passing at some angle of incidence to a 
wave sequence. In poor weather conditions and at speed, 
impact or slamming loads can be induced in many ship types. 


For normal trial conditions a relationship between the wave 
characteristics, ship speed and heading can be used to 
derive wave encounter frequencies which in turn provide 
an excitation frequency. In general such frequencies are 
below about 2 Hz. 
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7 Typical Case Studies 


To illustrate some of the specific lessons learnt from 
investigation activities a series of recent examples have 
been drawn from the Department's records. Clearly, within 
the confines of a paper such as this only a small portion of 
the available experience can be presented, however, 
throughout the Paper aspects of the more general 
experience have been summarised. 


7.1. Ship Based Investigations 


Since its inception, TID has been predominantly involved 
with technical problems and failures on ships. In particular, 
main propulsion machinery investigations have remained 
as an almost continuous activity. As demonstrated by the 
following case studies, many assignments deal with 
recurrent subjects and failure mechanisms which in 
themselves are well understood. 


7.1.1 Propulsion Shaft Alignment: 

Detailed predictions of hull deflections and their effect on 
the shaft alignment are rarely included in design 
calculations. Additionally, the designers of direct drive 
diesel engines specify permissible limits for the static forces 
and moments that can be imposed on the engine crankshaft 
by the propulsion shafting in order to achieve positive 
downward static loads on the engine bearings. The span 
between the engine main bearings is short and these 
alignment tolerances represent stringent requirements in 
the same way as the more familiar differential load limits 
specified for the output gearwheel bearings of main 
propulsion gearboxes. 


Many of the above aspects were evident during the 
investigation of the propulsion shaft alignment on a large 
bulk carrier. The design bearing loads and engine 
alignment are given in Table 4 and the installation 
procedure was intended to achieve the values in the left 
hand column. It was assumed that the alignment would be 
changed only by the relative thermal rise of the engine. 


Table 4 
Design Bearing Loads and Engine Alignment 
Conditions for a Bulk Carrier 


Cold Engine Hot Engine 
Half Immersed Fully Immersed 
Propeller Propeller 


Sterntube Aft 639 


Sterntube Forward 48 


Intermediate Shaft 201 


Number 8 Engine 170 


Shear Force KN 


Bending Moment kNm 


*-ve sign means sagging 
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Inherently, shaft systems with a single plummer bearing 
require an especially careful consideration of the initial 
alignment to accommodate the changes that can be 
expected on vessels with a large displacement variation 
between the ballast and loaded conditions. In this instance 
there was insufficient load on the sterntube forward 
bearing and the engine alignment was too close to the 
hogging limit. Correction of a hogging moment at the 
engine flange could not be achieved by raising the 
plummer bearing without unloading the sterntube forward 
bearing. The scope for adjustment was further exacerbated 
by installation errors which resulted in a 250KN static load 
on the plummer bearing. 


As the vessel’s draught increased the respective acceptance 
criteria were progressively compromised in that the 
sterntube forward bearing became unloaded; the plummer 
bearing became overloaded; the hogging moment imposed 
on the engine crankshaft increased beyond the design limit 
and the Number 7 main bearing was unloaded. 


A fundamental re-alignment of the engine was required to 
restore realistic practical alignment margins. It is, however, 
a salutary lesson to report that these margins were 
subsequently eroded in part by the permanent alignment 
changes that occurred due to the relaxation of hull structure 
residual stresses during the vessel’s maiden voyage and an 
initial encounter with adverse weather. 


The static shear force and bending moment at the engine 
output flange can be verified only by strain gauge 
measurements and it is suspected that many installations 
are operating satisfactorily with shaft alignments that may 
be outwith the permissible values because the limiting 
parameters are not necessarily reflected by unsatisfactory 
crankweb deflections. 


The execution of the engine re-alignment would have been 
an especially interesting experience for those former TID 
surveyors who struggled to optimise engine bedplate and 
crankweb deflections by the selective adjustment of chock 
thicknesses. Their work was based on micrometer 
measurements taken from a taut piano wire judiciously 
threaded through the crankcase above the crankshaft in a 
way which avoided the connecting rods. They may have 
been surprised to find that the structure of the six cylinder 
engine installed in the bulk carrier was sufficiently stiff that 
it could be supported only at its four corners without 
jeopardising the crankweb deflections. 


7.1.2 Rudder Investigations 

A wide range of rudder or steerable duct actuating force, 
cavitation and integrity problems occur from time to time. 
In the case of rudders, these may take the form of bearing 
failures or erosion of the rudder plating; the latter being 
due either to cavitation developed by the rudder itself or 
from the cavitation entrained in the helical slipstream from 
the propeller. Steerable ducts also can have accentuated 
vertical seaway loadings and, in common with their fixed 
counterparts, erosion on the inner plating. Actuating force 
problems can occur with either form of steering device. 


Typical of such an investigation was the full scale 
measurement of rudder stock moments on the semi- 
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balanced spade rudder of a container vessel by the use of 
strain gauges. This assignment was undertaken in order to 
establish the reasons and to provide a basis for remedial 
action for both an under powering of the steering gear and 
a poor response to the helm from the ship. Rudder torque 
and stock bending strain measurements were made and the 
results of this trial’s programme were compared with 
computed loadings. These were derived from the surface 
pressure distribution over the rudder horn and blade by 
means of one of LR’s lifting body vortex panel codes. For 
this computation the incident flow to the rudder was 
evaluated from a lifting line propeller analysis procedure. 
The rudder model was verified initially using the model 
test data and, subsequently, calculations were performed 
for the container ship rudder in the slipstream of the 
propeller for comparison with the measured full scale data. 
It was found that good agreement between the measured 
and predicted loading was obtained and that the form of 
the rudder stock torque relationship for a 35-35 degree 


rudder angle zigzag manoeuvre was well represented. 


The same modelling procedure was then used to predict the 
effect of increasing the rudder chord length by 20%. The 
predicted maximum torque increased by more than 150%, 
while the side force increased by approximately 10%. A 
similar percentage increase in rudder torque was 
subsequently re-measured on board the ship when the 
rudder extension was fitted. 


7.1.3 Gearing Investigations 

Despite improvements made in the design and manufacture 
of propulsion gears and an almost universal adoption of 
case hardened teeth, infrequent but persistent failures 
continue to occur. Throughout TID’s existence the common 
failure modes, tooth fractures and surface damage caused 
by either scuffing or fatigue, have been reported. Such 
repetition must be attributable to the mechanical complexity 
associated with tooth meshing conditions and_ the 
interrelated influence of elasto-hydrodynamic lubrication. 


The following examples illustrate the importance of the 
findings derived from metallurgical examinations and the 
intractable nature of some problems when compared to an 
obvious immediate cause of a similar tooth fracture. 


Figure 28 
Scuffing of Case Carburised Pinion 


Figure 28 shows scuffing damage on the case-carburised 
pinion of a single reduction main propulsion gear train. The 


characteristic “tiger-stripe” pattern is thought to reflect 
small undulations generated by the grinding process, and 
the extent of the damage suggested a tooth load 
distribution which was biased more heavily towards the 
forward end of the helix. A reason for the observed tooth 
misalignment was confirmed by measurements of the gear 
wheel attitude in its bearings taken under running 
conditions which indicated a tilt induced by deflection of 
the integral main thrust bearing on its seating. 


Nevertheless, this behaviour was similar for three other 
identical gearboxes which ran without a problem in the 
same service application. The most plausible explanation of 
the scuffing was thought to be a temporary deterioration of 
the lubrication, such as an ingress of water, but as in many 
cases where operational shortcomings are suspected as 
being a principal contributory factor, the failure hypothesis 
can be difficult to substantiate. 


It may be of interest that subsequent careful running-in of 
the scuffed tooth surfaces re-established satisfactory 
operation of these gears. 


Fatigue cracks which lead to tooth breakages invariably 
originate on the tooth root surface or on the flank in areas 
of pitting and exfoliation damage. The isolated single tooth 
failures shown in Figures 29a and 29b are less common 
where fatigue cracks have grown from sub-surface origins. 
In both cases cracks were initiated close to the transition 
between the core material and the carburised case; a 
position where the expected residual stresses would be 
tensile. Other similarities included an absence of 
metallurgical defects and of a heat treatment procedure 
which resulted in a satisfactory case depth hardness profile 
and distribution of carbides. 


The failure shown in Figure 29c could be easily explained 
by the remaining evidence of debris that had been 
entrained in the mesh. This was found as a small accretion 
of steel cold welded to the tooth flank in way of the sub- 
surface crack origin. The chemical composition of the alloy 
confirmed that it was a foreign body. Conversely, the similar 
single tooth fracture of a different propulsion pinion 
remains unexplained; all the more so because the crack 
origins were some one third of the facewidth distant from 
the end of the tooth, Figure 29b. 


Problems have also arisen on less precisely manufactured 
gears. The rack and pinion jacking mechanism on a self- 
elevating offshore drilling platform suffered from excessive 
plastic deformation of the tooth surfaces. Strain gauge 
measurements taken in the tooth roots and an analysis of 
the contact stresses led to new pinions being fitted with a 
greater number of teeth. 
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Note: Arrow identifies the origin of the fatigue crack 


a) View of Broken Tooth Profile 


b) Tooth Fracture Surface 


Note: Arrow shows accretion cold welded to the tooth surface 


c) Debris Entrained in the Mesh 


Figure 29 
Gear Tooth Fatigue Cracks with Sub-surface Origins 
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Figure 30 
Construction of Rillenlager Bearing 


7.1.4 Ship Superstructure Investigation 

A twin screw, diesel-electric cruise liner reported noticeable 
vibration on the bridge wings from the time the ship 
entered service. The propulsion system comprised four 
medium speed diesel generator sets supplying power to 
two three phase synchronous and frequency controlled 
electric motors driving controllable pitch propellers. 

The vibration investigation was carried out while the ship 
was in normal cruising service. It was found that while the 
global vibration characteristics of the ship under both port 
and sea-going conditions were satisfactory, the bridge 
wing’s vertical natural frequency was excited at main 
engine first order excitation frequency. The bridge wing 
vibration varied in a complex way with the port wing 
suffering to a greater extent. High to severe vibrations were 
experienced when the ship was: 

e manoeuvring, 

e at full speed with all four engines running, 

e operating with No. 4 engine running. 


It was found that the main engine’s resilient mounting 
system was reasonably effective, however, the residual 
vibration energy transmitted to the ship at engine first 
order frequency was sufficient to dominate the ship’s 
vibration and to excite the bridge wing structure resonance 
While the vibration severity was considered unlikely to 
cause structural damage in the short term, the effects on the 
operation of the local control console and the compass 
repeater were of concern. It was, therefore, recommended 
that both bridge wing structures were stiffened in order to 
raise the natural frequency above the excitation range. As 
with all problems involving resonant conditions care in 
implementing the remedial action was taken so as to avoid 


an undue response from other excitation frequencies 
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7.1.5 Diesel Engine Bearing Failures 

Typical of the periodic problems that arise is the fatigue 
cracking of soft “whitemetal or babbit” bearing materials 
These lead or tin based alloys have a poor inherent fatigue 
strength which is further impaired by modest temperature 
rises. Their ability to tolerate lubricating oil contamination 
and imperfection between the journal and bearing surfaces 
is however an indispensable attribute. In medium speed 
engines such materials are used as a thin surface overlay to 
protect the stronger copper-lead or aluminium tin alloy 
bearing material from incipient pick-up and_ potential 


seizure 


Removal of the overlay is detrimental and_ the 
manufacturers provide well documented guidance 


regarding the extent of permissible wear. 


The Rillenlager type bearing was designed to counteract 
overlay wear problems for engines burning residual fuels, 
Figure 30. Fatigue cracking and consequent premature loss 
of the overlay from the grooves of such bearings have been 
found in a connecting rod application, Figure 31, which 


required a stronger but harder overlay material 


Similar cracking also occurs in the thicker tin based alloy 


layers used in slow speed engines where the same material is 


used to provide load bearing and embeddability functions. 


a) Surface Damage Caused by Removal of Overlay 


b) Section through Rillenlager Groove Showing Loss of Overlay 


Figure 31 
Fatigue Cracking of Bearing Overlay 
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Figure 32 
Fatigue Cracking and Thermal Ratcheting of Tin Based 
Bearing Alloy 


Experience of fatigue damage to these bearings suggests that 
the cracking is influenced by the minimum oil film thickness. 
The cracks originate on the surface, although their growth and 
the detachment of fragments can lead to an initial impression 
that the metallurgical bonding between the bearing material 
and the steel backing shell has failed. Engineers should also be 
aware of the importance of the material microstructure in 
terms of the distribution and grain size of the respective alloy 
phases. In addition to fatigue cracks, Figure 32 illustrates a 
mottled surface appearance caused by thermal ratcheting of a 


poorly cast tin based alloy. 


7.1.6 Shipboard Vibration Investigation 

A shipowner reported that, on board one of their new ships, 
there were excessive levels of vibration in_ the 
accommodation and localised cracking of various tanks and 
support brackets due to vibration. The vessel’s power was 
supplied by a five cylinder, two stroke diesel engine, 
developing 2942kW at 210rpm with the power being directly 
transmitted to a five bladed fixed pitch propeller. An 
investigation, prior to the ship’s guarantee dry docking, in 
which the linear vibration characteristics of the hull, 
superstructure and engine were quantified, in addition to 
torsional characteristics of the main engine shafting system, 
showed that fifth order vibrations measured in the 
accommodation spaces at some operating conditions were at 
a level where complaints regarding habitability were 
considered likely to occur. Furthermore, vibratory torques 
which were measured in the intermediate shaft exceeded the 
mean torque at higher shaft speeds, Figure 33. Associated 
with these vibratory torques was a corresponding increase in 
axial vibration of the intermediate shaft. 
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Figure 33 
Intermediate Shaft Mean and Vibratory Torque 
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Comparison of 5th Order Vibration Measurements at Selected Points before and after fitting of Compensator 


A one node, tenth order torsional vibration critical speed 
was measured at 130 rpm, indicating that the corresponding 
one node fifth order critical frequency would occur at 260 
rpm. This speed was only 24% above the main engine speed 
of 210 rpm and compared with a critical speed of 284 rpm 
calculated by the engine builders. Consequently, vibratory 
stresses and torques were larger than predicted as the 
operating point was further up the flank of the resonant 
response curve. 


It was recommended that global vibration of the ship could 
be reduced by either a re-tuning of the shafting torsional 
vibration characteristics which would entail the installation 
of a torsional damper, a change of shafting and possibly a 
barred speed range or, alternatively, the installation of an 
electrically driven, independently mounted, fifth order 
thrust compensator. The vessel's owners elected to adopt 
the latter recommendation and the modification was 
implemented. Subsequent vibration measurements 
indicated that vibration levels throughout the vessel had 
fallen to a level below those where complaints regarding 
habitability were likely as seen by Figure 34. 


7.1.7 Shaft Bracket Flows 

Hull surface pressure and vibration measurements carried 
out during sea trials on a small twin-screw coastal ferry 
indicated that the shape and positioning of the A-brackets 
together with the design of the propeller were likely to be 
the main causes of unwelcome cavitation activity on the 
propeller blades and consequent levels of structural 
vibration; in this case reaching levels of 125 mm/s on the 
after deck. A redesigned highly skewed propeller replaced 


the original propeller and the vibration levels reduced 
considerably, but not to an acceptable level. The cavitation 
extent was observed, through windows cut in the hull, to 
significantly increase locally as the blades passed behind 
the outboard arm of the A-brackets. 


Because of the scaling complexities of using model tests to 
understand the flow field around the A-brackets, the flow 
field was analysed using CFD codes in combination with 
the Department's propeller analysis codes. Figure 35 shows 
a view of the computational grid used in the simulation 
model which has 49, 59 and 54 cells in the x, y and z 
directions respectively. 


The simulations, using a k-e turbulence model and by 
specifying zero velocity on the hull surface and employing 
the wall-function approach, showed that the A-brackets 
were contributing significantly to the wake field 
inhomogenity and could be better aligned to the local flow 
directions. However, to achieve such an alignment would 
have required the vessel’s twin screw shafting system to be 
mechanically re-aligned which the shipbuilder was 
reluctant to undertake if other methods could be developed 
to solve the flow problem. A compromise solution was 
achieved by re-adjusting the leading and trailing edge 
shape to form an S-shaped cross-section of the A-bracket. 
The system was then re-analysed with the modified bracket 
geometry, in order to confirm improvements. Contours of 
velocity ratio at several planes downstream from the 
brackets allowed the quality of the axial wake entering the 
propeller plane to be assessed. Figure 36a shows velocity 
contours and transverse components at a location half a 
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Figure 35 
Shaft A-bracket CFD Model 


bracket length behind the trailing edge of the original 
brackets. Results for the re-aligned bracket geometry, 
Figure 36b, showed a marked reduction in the axial wake 
peak and hence indicated that vibration and noise levels 
might be reduced by adopting such a design. The diffusive 
effect of the partial propeller tunnel in conjunction with the 
blockage effect of the bracket cross-section were also 
considered to have caused the formation of a separation 
pocket on and behind the upper bracket arms. The CFD 
calculations further showed that this latter tendency could 
be reduced by rounding both the leading and trailing edges 
of the upper bracket arms; this design aspect not having 
featured in the builder’s original A-bracket design. 


Subsequent vibration measurements following the modi- 
fication to the A-brackets confirmed that an acceptable 
vibration characteristic had been achieved. 


7.1.8 Propeller Root Cavitation Erosion 

Propeller root cavitation problems can be among the most 
complex to solve. In this region, along with tip vortex 
dynamics, rigorous mathematical analysis is currently of 
least assistance for design or analysis purposes. 


In some cases, when either scant attention has been paid to 
the propeller design environment or, alternatively, where 
ship layout difficulties have arisen and high shaft angles or 
a poor choice of advance angle have resulted, erosion 
problems can occur which are difficult to resolve. One such 
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a) Computed Velocity Contours Aft of Original Bracket 


b) Computed Velocity Contours Aft of Modified Bracket 


Figure 36 
Shaft Bracket Flow Investigation 
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Figure 37 
Full Scale Root Cavitation on a High Speed Propeller 


case is that of a fast displacement craft where deep 
cavitation erosion in the blade root regions was produced 
after only 30 minutes running at full power. The problem 
was identified as originating in the angle of attack 
variations at the blade roots due to the propeller shaft’s 
inclination. Figure 37 shows the full scale cavitation on the 
propeller blades when operating at high speed and 
observed through windows in the hull. Of interest is the 
cavitating structure at the trailing edge of the root cavity 
which was in the root erosion region. 


Figure 38 
Exhaust Gas Sound Pressure Levels at 4m from Funnel Outlets 
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An air injection system was devised based on previous 
successful experience by TID [15]. This proved to be 
moderately successful in that it allowed the vessel to enter 
restricted service while a more permanent solution was 
found. Full scale observation of the air injection process on 
the ship provided key information for a subsequent series 
of model tests. The video images showed that due to the 
high pitch ratio of the blades, in excess of 1.7, this 
conventional approach did not allow sufficient air to be 
held in the cavities and hence could not fully cushion the 
cavity collapse process producing the erosion damage. 


Model tests were used to develop an alternative air supply 
configuration and machined holes in the blade roots at 
approximately the one third and two third chord positions 
at the 0.3R radius. By an iteration process a suitable air flow 
rate was determined such that a minimum speed loss was 
achieved while maintaining intact stencil ink coatings on 
the model blades; these being used to assess the tendency to 
cavitation erosion. The machined holes in the blade roots 
appeared to delay the onset of erosion, and hence increased 
the speed at which air injection would need to be started. In 
addition, the holes provided a mechanism by which air 
could transfer from the pressure side to the suction side 
and, hence, ensured that air was resident in the root cavities 
for a substantial part of each blade revolution. 


The vessel is now in normal service and after the equivalent 
of one full year of high speed running some minor erosion 
damage is still present but it appears to have stabilised. 
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Figure 39 
Damaged Connecting Rod 


7.1.9 Noise Emissions from a Cruise Ship 

Residents living near a cruise ship terminal complained 
about the noise from one particular ship. Noise 
measurements were taken at a number of locations in the 
residential area, both with the ship at its berth and with the 
berth unoccupied. Overall A — weighted sound pressure 
levels were considered acceptable but analysis of the noise 
signals when the ship was berthed showed a distinct peak 
at 37.5 Hz. This gave the noise a tonal characteristic and 
was the feature of the noise spectrum which the residents 
found annoying. 


The source of the tonal noise was identified as exhaust gas 
pulses from the four diesel generators exiting the funnel 
and the frequency of the pulses corresponded to the firing 
frequency of the six cylinder, 4 stroke diesel engines. 
Pressure measurements on the inlet and outlet sides of the 
installed exhaust gas silencers showed that frequency 
components less than 50Hz. were not attenuated effectively 
by the silencers. 


An assessment of the generator exhaust gas system 
dynamic behaviour was made using Lloyd’s Register’s 
‘MERLIN’ diesel engine simulation program. The system, 
as described earlier, allows the thermo-fluid dynamics of a 
particular system to be simulated against time, which 
permits a functional analysis of the design details to be 
undertaken. The predicted results showed good correlation 
with measurements and further simulations were run to 
investigate the effect of fitting an additional plenum 
downstream of the existing silencer to act as a buffer to 
dampen the pulses. These calculations 
demonstrated that such a solution would be effective. 


pressure 
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The measurement and calculation results were then used by 
a silencer manufacturer to design a secondary silencer and 
these were fitted in each of the four exhaust trunkings. 
Follow-up measurements confirmed a significant reduction 
in low frequency noise components, Figure 38. 


7.2 Land Based Investigations 


7.2.1 Loose Crank Bearing Bolt 
TID surveyors are often called upon to attend the site of a 
mechanical mishap to conduct an investigation into the 
cause. Sometimes the cause is surprisingly simple, as in this 
case of the loose crank bearing bolt. 


The engine which suffered damage was an eight cylinder, 
cross head, two stroke diesel engine arranged to drive a 
large alternator. The first indications that it had a problem 
were loud knocking sounds. Unfortunately, before the 
engine could be brought to a stop, one of its connecting 
rods abandoned its relationship with the crank pin and 
emerged from the crankcase, causing substantial damage. 
The final state of the connecting rod can be judged from 
Figure 39. 


As the various damaged parts became accessible, possible 
alternative causes were continually tested for credibility. By 
this process, attention was increasingly drawn to the need 
to find the crank bearing bolts, which were not initially 
accessible. When they were retrieved, one of them was 
found to be virtually intact, but without its nut. This nut, its 
locking device and locking screw were all found separately. 
The nut threads for about one and a half turns nearest to the 
lower face were seen to have been damaged by axial shear. 
About one quarter of the first turn, although present, had 
been separated from the nut around its circumference. The 
other bolt had broken under severe combined tensile and 
bending load and its nut with locking device and screw 
were still present on the broken end. Furthermore, another 
connecting rod bolt was found to be 1 mm slack with its nut 
locking device and locking screws correctly fitted. 


This evidence clearly showed that the slackening and loss 
of the intact bolt was the initiating cause of the engine 
damage. In searching for the reason why the bolt became 
slack, the effects on the bolt of possible cylinder 
malfunctions were calculated and physical tests of similar 
bolts were conducted. The key finding from this work was 
that if the bolt had been properly tightened, the probability 
that sufficient torque could have been generated to loosen 
the nut against the frictional resistance of the threads and of 
the nut face was minimal. The torque due to tensile load, 
which normally acts to unscrew a nut, was found to be one 
eighth of the frictional torque resisting such movement. It 
was concluded, therefore, that the damage resulted because 
the bolt had not been properly tightened to the correct 
tensile load. 


The routine maintenance procedures adopted for this 
installation involved periodic checks of the bolt tension. The 
method used was to slacken and retension the bolts and, as 
such, this procedure had the potential to intoduce error. 
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7.2.2 Hot Oil Pump Failure 

In this case a fractionation process was used to distil highly 
flammable products such as ethane, propane and butane 
from natural gas liquids pumped from oil fields by 
pumping hot oil through distillation columns. At one 
facility, the failure of a hot oil pump resulted in a fire which 
was extinguished by a water spray deluge system. 


The investigation commenced with an examination of the 
damaged components and debris collected from the pump 
vicinity. Selected components were subjected to non- 
destructive testing, dimensional checks and metallurgical 
analysis. Additionally, records of the maintenance 
undertaken, operational process data and condition 
monitoring data were examined while, simultaneously, a 
number of experienced maintenance personnel were 
interviewed to determine whether the pump maintenance 
practices had changed since the plant was commissioned 
thirteen years earlier. 


It was concluded that failure of the pump was caused by 
high temperatures generated at the pump thrust bearing, 
followed by bearing collapse, bearing seizure and fracture 
of the pump shaft due to excessive torsional shearing loads. 
The high bearing operating temperatures were attributed 
either to the use of defective bearings or to incorrect bearing 
assembly procedures. Inadequate lubrication or mis- 
alignment of the pump and drive motor were discounted. 
Recommendations included a review of the procedures 
for hot oil pump maintenance, procurement and condition 
monitoring. 
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Figure 40 
Scaffold Tower 
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7.2.3 Scaffold Structure Integrity 

The aircraft maintenance structures, Figure 40, are large 
aluminium scaffold towers and are used by the owner to 
provide access to the tail area of aircraft to permit servicing 
and repairs. As these structures were over 25 years old and 
were proving increasingly difficult to maintain, the Client 
invited LR to undertake an independent structural 
assessment to advise on their continued use. 


The project comprised three main phases, namely: the 
strength assessment via structural analysis; the strength 
assessment via load testing; and the ongoing condition 
monitoring of the structure. In the first phase a series of 
structural analyses were performed to investigate the 
effects of the current operational loadings. The structural 
analysis model was based on the fabrication drawings with 
material properties being the design values quoted on the 
drawings and the section sizes those measured on site. 
Assessment loads were developed in conjunction with the 
client on the basis of the operational history of the 
structures. The strength assessment was carried out with 
the structures having to satisfy the assessment criteria of 
stability, stiffness and strength. The second phase 
comprised a series of load tests which were performed on 
key member connections, deck platforms and the towers to 
confirm the results of the strength assessment via structural 
analysis. The member connections were load tested to 
destruction to determine if the likely failure mode was the 
ultimate strength of the connections. In the case of the deck 
platforms and the towers, the static load tests were 
intended to show whether the structures could carry the 
unfactored (nominal) live loads without exceeding the 
serviceability limit state and also whether they could carry 
the factored live loads without exceeding the ultimate limit 

state. In the third phase, TID developed and implemented a 

programme of visual inspections and non-destructive 

examinations of the structural members and joints to 

monitor the structural condition of the tail docks. On a 

biennial basis, visual inspections and non-destructive 

examinations were undertaken to assess the current 
condition of the tail docks. The purpose of this ongoing 
condition monitoring was to: 

e Confirm that the framed members of the inner tower, outer 
tower and cantilever beams were as shown on the fabri- 
cation drawings. 

e Inspect all framed members of the tail dock to ascertain 
whether they displayed signs of structural or fatigue 
damage. 

e Inspect all joints to the framed members of the tail docks 
to ascertain whether they displayed signs of structural or 
fatigue damage. 


The structural analysis and load testing of the tail docks 
supported the view that the tail docks were capable of 
withstanding the assessment loads provided that they were 
constructed in accordance with the fabrication drawings 
TID recommended that the tail docks continued to be 
inspected by the client prior to each use to ensure that all 
members were present and that the ongoing condition 


monitoring programme be maintained 
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7.3 Offshore Based Investigations 


7.3.1 ’Pig Hunting‘ in Offshore Pipelines 

The furring of flow lines by heavy molecular weight 
paraffins is becoming more common as a result of the 
increasing use of satellite wells to extend the recoverable 
resource from existing offshore tower structures. To avoid 
this problem, a utility line is normally provided to allow 
periodic flushing with solvents and the use of cleaning pigs 
to remove hard and soft deposits. However, variability in 
the contents and flow can still lead to blockage of the line 
by, for example, the build-up of sludge and wax ahead of a 
hydrate or a cleaning pig. 


In a recent investigation TID was invited to locate three 
cleaning pigs which had become trapped in a flow line 
running between two satellite wells. The task was complicated 
by a number of factors: a persistent strong current of 5 to 6 
knots caused by a river outflow, shallow water of around 6 to 
15 m depth, almost nil visibility, a large Atlantic swell and the 
pipeline being buried up to 1m in places. 


The device used was a high sensitivity calliper strain-gauge, 
designed to measure the radial extension and compression 
of the pipe due to changes in internal pressure. The normal 
test procedure is to pressurise the pipe from each end in 
turn, to establish communication with the measurement 
position, initially at the centre of the line. The next 
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measurement is made at the mid point of the side identified 
with the blockage. This procedure is repeated until the 
blockage is located to the required accuracy. For example, to 
locate a blockage to +0.5m in a 1000 km flow line requires 
just 20 measurements. The opposite end of the blockage is 
located by repeating the measurements on the opposite side 
starting at a point where the pipe is expected to be clear. 


In the case in question the trapped pigs and the full extent 
of the blockage, which included the build up of wax on 
each side, were determined from just 11 measurements, 
Figure 41. A /iot-tap was then made in the clear parts of the 
pipe on each side of the blockage and water flushed back to 
the respective ends of the pipe. The blocked section was then 
removed and the ends raised to the surface for the fitting of 
connecting flanges to receive a replacement spool piece. 


7.3.2 Leak Testing by Acoustic Emission Methods 

The Department, due to its general capabilities in acoustic 
emission methods of crack detection and monitoring, was 
recently requested to consider the feasibility of the acoustic 
emission methods for leak monitoring in an underwater oil 
production manifold. The numerous control valves and 
interconnecting spool-pieces in the manifold presented 
numerous possibilities for leakage, which may not be 
evident until appreciable loss has occurred. A 
demonstration of leak tightness at start-up and during early 
operational service was considered desirable. Access to an 
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identical manifold, under repair at the time, provided the 
opportunity to study the propagation of sound in the 
structure to determine the most economical arrangement of 
sensors for the detection of leaks at the high risk locations. 
It was concluded that eight sensors distributed around the 
central valve block and one sensor on each of the 
connecting hubs with the manifold, would provide the 
required sensitivity to leaks at the valve seals and hub-to- 
valve block spool-piece connections, depending on the 
level of background noise. The high hydrostatic pressure 
existing when the manifold is on the sea bed would affect 
the leak velocity and, consequently, the conditions for 
turbulence and cavitation. Acoustic emission sensors 
attached to the structure were favoured over the use of 
hydrophones, which are less sensitive to leaks internal to a 
structure and would be affected more by water-borne noise 
interference. 


It was proposed that the acoustic monitoring system would 
sample the root mean square signal level within octave 
frequency bands covering the range 10 kHz to 160 kHz. 
This information would be relayed to the floating 
production, storage and off-loading vessel via an existing 
hard-wire digital communications link, which could also be 
used to supply power to the system. Alternatively, the 
acoustic monitoring system could be operated as an 
autonomous unit with battery power replenishable 
annually. A sonar beacon would be actuated to indicate the 
existence of a possible leak. At this point a service vessel in 
the field could be mobilised to the location of the manifold 
and the raw data history recovered via an acoustic 
telemetry link. These data would then be used to help 
verify the existence of the leak before deploying a remotely 
operated vehicle for visual confirmation. 


7.3.3 Offshore Module Toppling 

At the request of a major oil company an initial study into 
the modelling of the impact forces during the toppling of an 
offshore topside structure showed that CFD models can 
provide more detailed and accurate information about the 
instantaneous normal forces acting on the module, volumes 
of trapped air and corresponding wetted areas, than may be 
obtained by current engineering practice. 


Figure 43 
Toppling Simulation of an Oil Rig 
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Figure 42 
Comparison between Measured and Computed Pressures for a 
Wedge Shaped Water Entry Problem 


The geometric model was based on the full scale 
dimensions of the topside accommodation module. An 
unsteady simulation with a computational grid of 6500 cells 
was performed with a time step duration carefully chosen 
for each case so that the Courant criterion was satisfied for 
each cell. This resulted in time steps of between 0.005s and 
0.1s duration, depending on the configuration of the 
openings. The final results were obtained with a time step 
of 0.025s. The overall duration for each simulation was 
limited to the period required for the module to be 
submerged to approximately 30m. Beyond 30m _ the 
hydrostatic pressure and gravity remained as the only 
driving forces. 


A parametric study of the maximum pressures acting ona 
wedge surface was performed in order to validate the CFD 
model. This test case satisfactorily modelled the experiment 
reported in [16], where a rigid wedge-shaped hull was 
dropped from various heights, Figure 42. 


A number of opening configurations for the accommodation 
were studied by examining them in a systematic way. Results 
from the first two cases clearly identified the importance of the 
opening configuration and the possibility of air remaining 
trapped inside. Following the initial set of simulations a split 
opening configuration was developed. The split on the water 
side was designed to prevent the formation of a dead zone, 
while that on the air side was intended to reduce the build-up 
of pressure inside the module and thus allow a more uniform 
discharge of air. The split on the air side was also intended to 
reduce the strong wake observed to form behind the module. 
After analysing these results, together with detailed drawings 
of the module's building structure, the final configuration for 
the openings was specified. The results of the simulation, 
Figure 43, confirmed the validity of the design; any signs of 
temporary air bubbles disappeared well before water filled the 
module. The final time-histories of hydrodynamic forces and 
wetted area were calculated and these data were specified for 
subsequent structural analysis of the toppling process. 
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8 Condition Monitoring 


8.1 Marine Machinery Condition 
Monitoring 


The condition monitoring of marine machinery is a topic 
which in recent years has excited considerable interest in 
the marine industry. This interest, which can be gauged 
from Figure 44, has, in part, been stimulated by the 
considerable use of the various techniques in the aviation 
and land based industries and the potential for technology 
transfer to the marine and offshore industries. This 
condition monitoring activity, dealing as it does with the 
detection of developing failure, follows on from TID’s 
failure and vibration investigation work and has formed a 
significant extension of the Department's work for the last 
eight years. Furthermore, this activity complements Lloyd’s 
Register’s primary interest in machinery condition 
monitoring which is in using the techniques to enhance 
survey procedures to obtain the required levels of safety in 
the most cost effective way to ship operators. 


The first system was supplied in 1989 and the development 
of that system has now been installed on many vessels and 


is known as the Vibration Monitoring System (VMS). 
Recently the developments in Lloyd’s Register’s ongoing 
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Figure 44 
Number of Machinery Condition Monitoring Units Installed by TID 
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research programme have led to a second system which 
embraces both lubricating oil and machinery performance 
monitoring in addition to vibration monitoring. This new 
system is called the Integrated Condition Monitoring 
System (ICMS). For LR classed ships the ShipRight 
procedures include several condition monitoring facilities. 
Among those directed towards machinery condition 
monitoring, the application, for example, of either the VMS 
or ICMS systems together with an approved planned 
maintenance system will lead to the award of the PMS(CM) 
notation in the Register Book. Alternatively, either of the LR 
systems can be used on their own without recourse to the 
ShipRight procedures and some are used on ships classed 
with other classification societies. In developing these two 
systems TID’s underlying focus has always been on 
installations which are robust, relatively cheap and, where 
possible, in making the fullest use of instrumentation which 
the ship has on board as standard items. 


In the application of the VMS System a list of all the rotating 
machines contained in the master list of surveyable items is 
compiled together with other machines of particular 
concern to the ship operator. The desirability of applying 
vibration monitoring to each of the machines on the list is 
then carefully considered. Each vibration or performance 
parameter is assigned a level at which an alarm will be 
generated, indicating to the user that action is required. The 
alarm levels used are based on TID’s experience, coupled 
with the recommendations given in various International 
Standards, and these are reviewed periodically. The 
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machine details, measurement parameters, locations and 
limits then form a database created using the software 
supplied with the system. 


The VMS system hardware comprises a lightweight battery 
powered portable data collector connected to a hand held 
vibration transducer and a desktop computer. The data 
collector is connected to the host computer and loaded with 
information about the machines to be monitored. The 
operator will be informed by the display screen of the data 
collector which machine is to be monitored and the 
sequence in which the measurements are to be taken. If any 
parameter exceeds a pre-set level, a warning is given at the 
time of the measurement. The system also includes a 
facility to input manually the value of parameters 
associated with the performance of a machine, such as 
pressures or motor current. After the measurements have 
been taken the data collector is again connected to the host 
computer and the measured data down-loaded on to the 
database. The associated computer program supports 
various functions, including trend analysis, anomaly 
reporting, guidance on the possible nature of faults and 
spectral analysis. In addition to these functions a record 
history of the machines will eventually be created. The 
software can provide an interface with an engine room data 
logger which will allow performance parameters and 
running hours to be entered automatically to the machinery 
database. An additional facility is communication with a 
computerised planned maintenance system so_ that 
vibration readings exceeding alarm levels can be used to 
initiate maintenance recommendations. 
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Figure 45 
Structure of ICMS System 
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In contrast the underlying philosophy of the ICMS system 
is that the greatest potential benefit from a condition 
monitoring system can be gained from combining the 
features of lubricating oil analysis, vibration monitoring 
and machinery data logging into an integrated system. Asa 
consequence all of the features from the earlier VMS system 
are retained and are augmented with the data from regular 
lubricating oil analysis, maintenance and operating 
environment histories and machinery performance data. 
The underlying structure of the ICMS system is illustrated 
in Figure 45. 


With regard to lubricating oil analysis the results of regular 
tests can be recorded either manually or automatically, 
depending on the facilities available from the particular 
testing organisation. Furthermore, any commentary that is 
provided on the analysis, such as that given by LR’s Liquid 
Quality Service (LQS), can also be added. These data may 
then be recalled and plotted to examine trends in particular 
components or compared with other performance or 
condition parameters. This facility reduces the need, in 
some cases, for significant manual intervention in the data 
analysis and interpretation. 


An ability to include machinery performance data from the 
ship’s normal data logging system provides a means of 
augmenting the other vibration based condition monitoring 
information. Typically, in a direct drive slow speed diesel 
marine application some one to two hundred different 
parameters might be available for analysis in terms of 
trending, cross plotting and to facilitate use of the system 
guidance is given as to the more suitable combinations of data. 
Analysis within the ICMS system is directed towards 
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providing an aid to the ship operator’s shore and sea staff 
rather than endeavouring to replace their skills: condition 
monitoring technology as applied to the diesel engine is 
still a long way from being able to achieve this. To help in 
this supplementary capacity a feature has been incorporated 
into the ICMS system which allows the input of relevant 
operational and environmental information into the 
database. 


Lloyd’s Register’s research into machinery condition 
monitoring systems commenced in the early 1980's when it 
was clear that systems with imbedded levels of intelligence 
would need to be classed in the foreseeable future. At that 
time much work had been achieved with rotating 
machinery within the aviation industry; chiefly with 
pumps and gas turbines. As a consequence LR chose to 
extend the field of then available knowledge into 
reciprocating machinery [17]. 


Experience has shown that condition monitoring systems 
need to be designed with the requirements of the end user 
firmly in view. As such, in order to gain acceptance from the 
crew and derive the maximum benefit from the 
implementation of the system, the data presented and the 
operation of the system must be consistent with the 
operator’s experience and training. The achievement of this 
ergonomic balance is seen as critical. In the case of VMS 
type systems, ship’s crews generally become comfortable 
with the level of complexity very quickly. The greater 
degree of flexibility offered by next generation systems, 
such as the ICMS system, normally require a longer 
familiarisation period and an extended training period is 
beneficial if the full potential of the system is to be realised. 


Currently some machinery condition monitoring systems 
are successfully used to provide data for seeking the 
deferral of opening up of machinery for routine survey 
purposes. This trend is likely to increase as confidence 
grows in the intrinsic reliability of condition monitoring 
systems and their ability to predict failure. Furthermore, 
these trends will be further enhanced by the introduction of 
the emerging ISO STEP standards such as that for the 
AP226, Ship Mechanical Systems, which defines through 
life data exchange protocols. Upmost importance, therefore, 
needs to be given to ensuring the traceability and reliability 
of the condition monitoring data used for survey purposes. 
In particular, matters such as authenticity of the data, the 
conditions under which they were measured and the 
operator qualification, the validity of the analysis technique 
together with sensor reliability considerations, defect 
visibility, sufficiency of information and the ship’s 
operating regime must all be addressed and satisfied. 


8.2 Structural Condition Monitoring 


In addition to its work in machinery condition monitoring, 
the Department is called upon, by virtue of its wide 
experience in condition monitoring and measurement, to 
consider structural condition monitoring in the land based 
and offshore industries. By way of example of the land 
based condition monitoring is some ongoing work on a 
family of glued segmental prestressed concrete motorway 
bridges, Figure 46. The project comprised a number of 
phases, the most important of which were the analysis of 
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historic data to study trends and diagnosis; the devising of 
a strategy for ongoing data collection, reduction and 
diagnosis; and ongoing condition monitoring. 


Ninety two vibrating wire strain gauges were originally 
installed in 1987. Data logging was on a daily basis in the early 
days but later opened out to weekly, monthly and eventually 
yearly intervals covering the historic period 1987-1995. Over 
this period plots of microstrain against time showed a 
reasonable correlation with predictions from an analytical 
model. The scatter of the strains measured by individual 
gauges remained almost unchanged over the life of the 
gauges. Furthermore, the most significant data collected 
showed strain versus time relationships broadly similar to 
those reported for other prestressed concrete structures; 
strains during the casting and erection period rising relatively 
rapidly while strains during service rise relatively slowly and 
steadily. Figure 47 shows a typical time history recorded for 
one location in the bridge from which it can be seen that a 
good functional relationship to the in-service phase can be 
achieved using an exponential formulation. 


The vibrating wire sensors only give information relating 
directly to the location at which they are installed. As such, 
it is unlikely that the locations of the gauges will correlate 
exactly with specific areas of deterioration, such as localised 
corrosion of a prestressing tendon. Consequently, the strain 
gauges are unlikely to identify deterioration of the structure 
remote from them. To overcome this problem, TID 
established a set of supplementary levelling points at 
regular intervals across the bridge which can be used to 
monitor the overall profile of the structure as well as any 
settlement of the supports. 


Offshore installation structural condition monitoring can be 
considered using acoustic emission methods. It is known 
that the greater part of the fatigue life of welded tubular 
joints in offshore structures is taken up by Stage II crack 
growth and the remnant fatigue life of a defective node 
joint can be significantly greater than the required safe 
working life. This is particularly important if a repair is 
being considered following NDT, since the savings 
resulting from the avoidance or the safe deferment of such 
repairs can be considerable. 


Over the past ten years, operational experience with 
acoustic emission systems subsea and topside has provided 
data on different size fatigue cracks growing under service 
loading conditions, which have been _ verified 
independently by NDT. 


Procedures for the detection of fatigue cracks by the 

acoustic emission methods are now available for a range of 

applications, however, the potential for total volumetric 

surveillance has yet to be fully realised and the method 

continues to be used primarily for monitoring critical parts 

of a structure, for example, 

e to distinguish between NDT indications and growing 
cracks. 

e to detect and size cracks in inaccessible locations or 
hazardous working environment. 

e where the cost of repair or replacement of a defective struc- 
tural element is high and may be avoidable. 

e when approval to continue operating a defective structure 
is being sought while mobilising for a repair. 
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Figure 46 
Segmental Pre-stressed Concrete Viaduct 


Floating production installations and poor fault tolerant 
structures stand to gain most in the short term. A recent study 
undertaken by TID of the leg connections with the operating 
deck of a typical three legged jackup platform showed that a 
16 sensor system will be capable of monitoring all primary 
structural elements in a 9 m length of one leg. Monitoring 
would be continuous throughout a winter period to ensure 
that any crack growth was monitored under representative 
loading conditions and for a statistically significant number 
of cycles. The same coverage of the remaining legs to detect 


more advanced cracking, would be possible by multiplexing. 


Data are normally retrieved to the shore base for analysis at 
weekly intervals via a modem. The location of hot spot 
acoustic emission activity is shown on a CAD representation 
of the structure, similar to the finite element mapping of 
stress concentration and ultrasonic C-scan imaging. Defect 
significance is determined from the acoustic emission source 
energy and its relationship to wave loading 
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9 Concluding Remarks 
and some Underlying 
Lessons from Failure 
Investigations 


[here are a number of lessons that can be learnt from the 
failure investigation activities of the Tec hnical Investigation 
Department of Lloyd's Register. Some are specific to certain 
areas of engineering application while others are general in 
their nature. In the case of specific lessons, the case studies 
presented throughout the Paper have been chosen to 
highlight some of the more common types of failure. The 
underlying general lessons can be summarised as follows: 


e When undertaking engineering design it is essential to 
stand back from the detail of the design and look at the 
whole engineering problem. From such an exercise it is 
possible, for suitably experienced engineers, to identify the 
weak points in the design. 


e Today the investigator, or designer for that matter, has a 
range of analytical and experimental capabilities at his 
disposal. In most engineering situations these capabilities 
only givea partial picture of the problem and, as such, they 
are aids and not a substitute for sound engineering judge- 
ment. 


¢ The Department's data base shows that in a great many 
instances problems continue to reoccur. Whether this is 
due to technology moving on in other areas which then 
reintroduces problems of a similar type in a later age or 
the lessons of the past not being effectively passed on to 
new generations of engineers is unclear. 


e Agreat many failures are caused by a lack of attention to 
the detail design of individual components. Moreover, 
problems frequently arise when similar care is not exer- 
cised in the integration of components into an engineering 
product or system; especially when different manufactur- 
ing sources are involved. 


e Similarly, installation, maintenanceand operational proce- 
dures are critical if failures a re to be avoided. 


e Investigators must always attempt to identify and under- 
stand the prime cause of the problem so that proper 
judgement can be exercised in deciding whether funda- 
mental changes are needed or if palliative counter-measures 
will be sufficient. 


e Thetraining of engineers in the detailed practical and theo- 
retical skills of engineering is essential, but more critical is 
the combining of these skills into a unified professional 
engineering knowledge and instinct. 
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Synopsis 


High speed craft designs have evolved rapidly in the last 10 
to 15 years, the size of craft increasing from 40 metres to 
over 100 metres in length. The findings from many research 
projects for naval applications have now been utilized in 
the design of commercial craft. The development of the LR 
Rules and Regulations for the Classification of Special 
Service Craft was a complex task due to the fact that the 
Rules have to cater for craft operating in a wide speed range — 
from small, planing craft to large, fast displacement craft. In 
addition, these craft can have different hull forms, different 
modes of operation and can be constructed from one of a 
number of different materials, namely steel, aluminium 
alloys and composite. 


For the smaller craft, parametric formulae, which are based 
on extensive service experience and theoretical methods 
coupled with model test results, are available to provide a 
basis for Rule formulations. For larger and faster craft, there 
is very little service experience and the approval of such 
designs is mainly based on direct calculation procedures 
verified by model experiments. 


The aim of this Paper is to provide a state-of-the-art report 
on the model experiment techniques and load prediction 
methodology for high speed craft. Recent research and 
development efforts by LR in association with the Krylov 
Shipbuilding Research Institute in the CIS are also 
described. 
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1. Introduction 


1.1. Historical Background 


Advances in marine technology, such as new propulsion 
systems, computerized structural analysis methods and 
seakeeping analysis techniques, coupled with intense 
commercial pressures, have resulted in ferry operators 
seeking faster ferries to carry motor vehicles and 
passengers. There is therefore a move towards larger and 
faster craft with lengths in excess of 100 metres, being 
designed and built. 


During the development of LR’s new Rules and 
Regulations for the Classification of Special Service Craft 
(SSC Rules), a series of difficulties arose from the fact that 
the Rules have to cater for craft operating in a wide speed 
range - from small, planing craft to large, fast displacement 
craft. In addition these craft can have different hull forms, 
different modes of operation and can be constructed from 
different materials, namely steel, aluminium alloys and 
composite. 


For the smaller craft parametric formulae, which are based 
on extensive service and theoretical experience coupled 
with model test results, are available to provide a basis for 
Rule formulation. For larger and faster craft, especially 
large steel or aluminium multi-hull craft, there is very little 
service experience and the design is mainly based on direct 
calculations verified by model experiments. 


The aim of this Paper is to provide a state-of-the-art report 
on the model experiment techniques and load prediction 
methodology for high speed craft. 


1.2 A Question of Loads 


Conventional mono-hull steel ship structural design has, as 
its basis, about a hundred years of combined data and 
experience. This background allows the structural design of 
the hull to be pursued by relatively well-proven design 
methods. Within limits, a hull form will be similar to 
previous hull forms, and the design is relatively forgiving 
to under or over-estimation of the loads. Any radical 
departure from the normal hull forms would severely de- 
value the usefulness of accumulated expertise as a 
knowledge of the loads is essential for design of the hull 
structure. 


One key element in the development of design procedures 
for high speed craft is the prediction of the loads acting on 
the hull structure. In operation a high speed craft can be 
supported by three possible modes: 

(a) Buoyancy force, 

(b) Dynamic lift, 

(c) Air pressure. 


High speed craft can experience a combination of all the 
above loads acting on the hull and their prediction is 


extremely complex. It was considered necessary to adopt a 
new approach to the development of these Rules, viz.: 


Operational Envelope => Demand => Capability => 
Criteria 


This decoupling of load, strength and acceptance criteria 
provides the opportunity to base new design approval on a 
first principle approach. It is obvious that while the 
strength assessment techniques (finite element analysis, for 
example) can be applied directly to all designs of the same 
material type, it is more difficult to establish design load 
formulations that are equally well adapted to all craft types, 
speed ranges and craft sizes. Equally, the acceptance criteria 
for metallic and composite constructions are quite different. 
For large, high speed craft built in aluminum alloy or steel, 
the main concern would be the determination of loads. 


1.3 Classification of Loads 


The overall load on a craft consists of two components, 
namely primary and secondary loads (which includes 
tertiary loads). The classification of loads as primary loads 
which affect the hull as whole, secondary loads which affect 
large components of the hull such as bulkheads, and 
tertiary or locals load which have a local effect only, has 
been made for convenience in relation to structural 
considerations. It has resulted from the needs of the 
structural engineer and his simplified approach to 
structural analysis problems. All loads, with the exception 
of thermal loads, originate from forces or pressures applied 
over small areas and whether they are subsequently treated 
in a local or an integrated form is largely a matter of 
analytical convenience. However such a classification has 
been found to be useful in identifying the dominating 
forces for direct calculation purposes. 


1.3.1 Primary loads 
The primary load conditions which must be considered for 
the design of large high speed craft are: 


(a) Wave induced bending moment, dynamic bending moment 
and still water bending moment 
For slow mono-hull craft, the longitudinal wave 
induced bending moments are the most important 
loading being most severe in head seas. For large fast 
mono-hull craft, the question of whether dynamic 
bending moments dominate the dimensioning of the 
structure remains open and has to be addressed. 
Higher speed does not necessarily imply larger loads. 
Although these primary load components are clearly 
being exerted on multi-hull craft they are not 
extremely important and do not dominate the 
structural design procedure. 


(b) Wave induced side force and transverse bending moment 
These are two of the most important load conditions 
being exerted on multi-hull craft by waves. They 
result in flexing of the struts/hulls towards each 
other and then prying them apart. Available model 
data and theoretical studies provide some insight into 
the nature and magnitude of these loadings on Small 
Waterplane Area Twin Hull (SWATH) craft, however 


further research work is necessary to ascertain their 
general applicability to other types of multi-hull craft. 


(c) Fatigue loading 

Because the majority of the loads imposed on craft are 
cyclic in nature, the possibility of failure by fatigue 
must not be overlooked. Indeed most structural 
failures that have occurred during the service life of 
existing craft have resulted from fatigue. While there 
is a large body of knowledge on the fatigue 
performance of steel ships, very little work has been 
carried out and there is very little information 
available in relation to craft constructed of aluminum 
alloy or marine composites. The most important task 
in respect to fatigue life performance of the structures 
of high speed craft is the determination of the fatigue 
loading spectrum. 


(d) Torsion load 

For multi-hull craft, consideration of torsion loads is 
equally important as that of the transverse loads, 
especially for the strength assessment of the cross- 
deck structures. The most severe torsion loads occur 
when the craft heading is such that it sustains 
quartering (bow or stern) seas. The situation 
regarding the knowledge base is similar to that of the 
transverse loads. 


1.3.2 Secondary and tertiary loads 
The secondary and tertiary loads which must be considered 
for the design of large high speed craft are: 


(a) Loads in a seaway due to external water pressures, 
including slamming and shipping of green seas. 
This category of loads is probably the most important 
from a local strength point of view, being the dictating 
criteria for the design of the small to medium size 
high speed craft. In general the loads can be further 
sub-divided into the following components: 


Bottom slamming 

Bottom slamming arises from the pitching and 
heaving motion of the craft at speed resulting in bow 
emergence and severe hydrodynamic impact 
loadings on re-entry. The impact is usually rapid and 
intense, generating a high pressure impulse on the 
bottom plating and can be accompanied by a loud 
booming sound, particularly apparent for the larger 
size of craft. The duration of this type of impact force 
is, in general, less than 100 milli-seconds. Bottom 
slamming has been the commonest cause of hull 
structural damages and its magnitude and duration 
depend on, and are sensitive to, the angle and relative 
shape of the hull to the water surface, as well as the 
encounter velocity and frequency. This is a complex 
phenomenon and while extensive research has been 
carried out in the past further effort is required to 
make use of the existing knowledge base and to 
formulate design criteria. Worldwide, this is one of 
the most intensively researched topics. The main 
focus has been in the domain of numerical motion 
and load computations. 
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Bow flare slamming 

Bow flare slamming pressures arise from the rapid 
immersion of the upper flared portion of the bow into 
the sea. This is a more gradual phenomenon than 
bottom slamming, usually without any sound unless 
the flare is very concave, and lasts for less than a 
second. It nevertheless imparts relatively sudden and 
intense forces on the forward part of the craft. Bow 
flare slamming is an important consideration for high 
speed craft, particularly for the displacement type 
craft. The main difference between bottom and bow 
flare slamming is that bottom slamming is always 
associated with the emergence of the forebody, while 
bow flare slamming is not. Experience gained from 
the design and operation of warships and fast cargo 
ships has provided some guidance for the 
formulation of load criteria, however more 
development work is required to be carried out 
making use of this experience and data. 


Cross-deck slamming 

This type of slamming is an important consideration 
in the design of cross-deck structures for multi-hull 
craft. It arises from the heaving and pitching motion 
of the craft causing wave impact on the underside of 
the mainly flat centre body of the cross-deck 
structure. The loads sustained can result in large 
accelerations and related loads acting on the craft's 
structure which must be catered for in the design 
consideration for local and global strength. 


Green sea loading 

The shipping of green seas on the upper deck forward 
is another source of transient loading that excites 
vibratory response and is caused primarily by the 
relative motion of the craft. In many cases, this type of 
loading may simply be the static head of water 
scooped up by the bow until it runs off. The duration 
of this load therefore is relatively long. However, 
there may be a dynamic component, especially if the 
ship is moving forward at high speed into head seas. 
In some instances, the whipping stress generated can 
constitute a sizeable percentage of the total hull 
bending moment. 


(b) Loads due to impact with solid objects and robustness 
considerations 
This type of load is very difficult to estimate. 
Traditionally it has been taken care of by specifying a 
minimum thickness of plate. It has been argued by 
many that existing requirements do not allow the full 
use of advanced materials and technology. However, 
it is not an easy task to find a satisfactory alternative. 
Other types of secondary and tertiary loads, such as 
thermal loads, loads arising as a result of cargo 
(weight and distribution) and craft motion, and 
sloshing of liquids in tanks are important loading 
conditions which are required to be taken into 
account at the design stage. However, these loadings 
are common to all types of marine vessels and most of 
the calculation procedures for determining their 
values are relatively well established. 
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2 A General Review of 
Theoretical Load 
Prediction Methodology 


2.1 Load Component 


From a structural design point of view, the loads acting on 
a high speed craft are classified as global and local loads as 
mentioned above. However, in terms of load prediction, it 
is more convenient to categorise the load components 
based on the nature of the loads as follows: 

e hydrostatic loads; 

e wave and motion induced loads; 

e impact loads; 

e hydro and aero lifts; and 

e motion control forces etc., 


as different theoretical and experimental techniques are 
often required to predict the loads of different nature. Each 
load component can have both global and local effects on 
the structure of a craft. 


2.1.1 Hydrostatic loads 

The most important hydrostatic load in a craft design is still 
water load which is caused by the unbalanced distributions 
of the weight and the static buoyancy of a craft in calm 
water. The still water load induces global loads, (still water 
bending moments and shear forces) and local loads (still 
water pressures). 


The still water load is the basic load on which other load 
components, such as wave and impact induced loads, are 
superimposed. As the still water load prediction methods 
for high speed craft are common with those for 
conventional ships, they will not be discussed here. 


2.1.2 Wave and motion induced loads 

Wave and motion induced loads are generated by wave 

action. They vary in time in order of wave period. For the 

convenience of analysis, they may be further broken down 

into the following components: 

(a) wave induced hull pressure variation; 

(b) hull pressure variations induced by motion of the 
craft and; 

(c) inertia reactions resulting from the acceleration of the 
mass of the craft and its contents. 


2.1.3 Impact loads 

Impact loads are the loads resulting from the impact of a 

craft with a wave and is generally referred to as slamming. 

The impact, or slamming, occurs when a structure emerges 

from the water and hits the water surface during re-entry. It 

results in very high transient pressures. The impact loads 

on a high speed craft include: 

(a) | wave impact loads on hull forefoot and bow flare; 

(b) wave impact loads on other parts of the hull structure 
such as on the underside of the cross-deck of a mulkti- 
hull craft; and 

(c) green water loads on deck etc. 


2.1.4 Hydrodynamic and aero lifts 

Hydro lift due to planing effects on a planing craft and aero 
lift due to air cushion pressure on surface effect ships are 
the major supporting forces for these types of craft and 
have to be included in the motion and load predictions. 


2.1.5 Motion control forces 
High speed craft are often fitted with motion control 
devices, such as fins and flaps, to reduce motion responses. 


The forces induced by those devices can have significant 
effects on the global and local loads on the craft. They 
should be considered in the load prediction and the 
structural design. 


Apparent 
acceleration 
Ps 


2.2 Loads Acting on High Speed Craft 


The two most distinctive features of high speed craft are high 
speed and light weight. They make the loading phenomena 
on a high speed craft differ significantly from those on a 
conventional ship. The experiences gained from the motion 
and load predictions of the conventional ships are 
undoubtedly very valuable to high speed craft. However, 
particular attention has to be paid to the effects of the 
following items when predicting loads on high speed craft. 
e high forward speed; 
e large amplitude motion and its induced loads, e.g. slam- 
ming; and 
e transverse loads on cross-deck structures, in the case of | 
multi-hull craft. 


Inertia loading 


Figure 2.1 Shear force and bending moment due to slam on a 


small planing craft 
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Figure 2.2 Time history signals for Recorded Slamming Events on a 81m Wave Piercing Catamaran 
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In contrast to conventional low speed ships, on which the 
wave induced longitudinal bending moments are the most 
critical loading, the slamming loads on high speed craft 
play a far more important role. 


For small craft (say length less than 50 m) the crest or 
hollow impacts, ie. slamming on a wave crest near 
amidships or at the bow and stern regions simultaneously, 
usually induce the most severe longitudinal bending 
moments in head seas at high speed. An example of the 
load distribution on a small high speed mono-hull due to 
crest impact is shown in Figure 2.1. 


For large craft, bow slamming can influence the 
longitudinal loads significantly in terms of whipping. The 
combined effects of the wave and whipping induced 
longitudinal loading should be considered in the 


Figure 2.3 Definition of Dynamic Global Wave Loads 


Table 2.1 
Global Load Components and the Critical Loading Conditions 


determination of the design loads. Figure 2.2 illustrates the 
time history of the stress recorded on a full scale 81 metre 
wave piercing catamaran in heavy seas. The top signal 
shows the total stress. The middle and bottom signals 
illustrate the wave and slamming induced components 
respectively. The slamming induced loads apparently 
dominate the maximum loading. 


The transverse loads on the cross-deck of multi-hull craft, 
e.g. transverse bending moments, shear forces and torsional 
moments, are the most important loading conditions in its 
design. The transverse bending moment results in flexing 
of the struts/hulls towards each other and then prying 
them apart. They usually reach the maximum value in 
beam seas at low speed. The torsional moment twists the 
cross-deck structure. It can be a critical loading condition 
for a weak cross-deck design such as for single deck cargo 
catamarans. The torsional moments usually reach to the 
maximum value in quartering seas. Figure 2.3 illustrates the 
global load components on a multi-hull craft. Fl denotes 
longitudinal shear force, F2 side force, F3 vertical shear 
force, F4 vertical prying moment, F5 pitch torsional 
moment and F6 yaw splitting moment. 


Local loads on high speed craft are induced by waves, the 
motions of the craft and more importantly the slamming. 
The local loads often dictate the criteria for the structural 
design, especially for small to medium size craft. The global 
loads are merely used to assess the overall adequacy of the 
structure which is designed on the local level. This is clearly 
in contrast to the conventional ship design where global 
loads govern the majority of structure scantlings. 


In Tables 2.1 and 2.2, the global and local load components 
acting on high speed craft are summarised together with 
the sea conditions in which they are likely to be most 
severe. 
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Global Loads Analysis Area Load Category Wave Conditions Speed 
Hydrostatic load | Hull girder Still water loads Calm water Zero speed 
Longitudinal wave | Hull girder Wave and motion | head, quartering All speeds 
B.M. and S.F. induced load or following seas 

Still wave Hull girder Hogging and static head sea Zero speed 
B.M. and S.F. sagging load 

Longitudinal Hull girder Impact load Head or bow High speed 
Dynamic B.M. quartering seas 

Transverse Cross-deck Wave and motion | Beam or Zero or low speed 
B.M. and S.F. structure induced load quartering seas 

Torsional Cross-deck Wave induced Quartering seas All speeds 
Moment structure _| load 


Table 2.2 
Local Load Components and the Most Critical Loading Conditions 


Local Loads Analysis Area Load Category | Wave Conditions 


Bottom shell Still water loads 
below chine or 


waterline 


Hydrostatic load 


Wave and motion 
induced load 


Bottom shell 
below waterline 


Hydrodynamic 
wave pressure 
and Pitch pressure 


Bottom shell 
below chine or 
waterline 


Bottom impact 
pressure 


Impact load 
(bottom 
slamming) 


Forebody Impact 
pressure bow 


Forebody and Impact load 
(bottom/flare 


slamming) 


Head or bow 
quartering seas 


Head or bow 
quartering seas 


head, quartering 
or following seas 


All speeds 


High speed 


High speed 


Cross-deck Underside of impact load Head or bow High speed 
impact pressure | cross-deck quartering seas 
Weather deck Weather-deck Green sea loads Head or bow High speed 
pressure quartering seas 


2.3 Loads Prediction in Irregular Seaway 
and Principal Assumptions 


The ultimate criterion for the hull design of a ship should be 
the performance of the ship in a realistic seaway. Prediction 
of the ship motions and the wave loads is such a complex 
problem, that for many years the naval architect has been 
forced to use the ship’s maximum bending moment in the 
static hogging and sagging waves as his main design 
criteria. 


The study on predicting wave induced motions and loads 
of a ship in a seaway was pioneered by St. Denis and 
Pierson in 1953. They applied the principal of superposition 
to the ship motion problem by hypothesising that the 
responses of a ship to irregular waves can be considered as 
the summation of the responses to regular waves of all 
frequencies. Based on their theory, the problem of a ship’s 
responses to irregular waves can be resolved in three 
stages: 

e Describe an observed irregular wave by the summation of 
a large number of regular waves with different frequen- 
cies, amplitudes and directions based on the wave energy 
distribution with respect to frequency and direction, in 
other words, by the concept of wave spectrum; 

e Obtain the responses of the ship to the regular waves cover- 
ing the necessary frequency band using numerical 
modelling or model experiments; and 

e Predict the responses of the ship to the irregular wave by 
integrating the regular wave responses with respect to the 
wave spectrum. 


Short Term Responses Prediction 

The responses obtained for a particular irregular sea state, 
normally containing 3 hours observation, are so called short 
term responses which are characterised by significant 
(average of top 1/3 responses) or maximum expected 
values within a given duration. 


Long Term Responses Prediction 

The long term responses of a ship were studied by Jasper in 
1956. He introduced the principle of obtaining long term 
distributions by means of integration from a family of short 
term distributions. This method was further developed into 
a practical method by Lewis (1967) and by Nordenstrom 
(1965 and 1973) based on the Weibull distribution function 
to predict long term distributions of waves and wave 
induced motions and loads. 


The prediction methodology described above is called 
linear frequency domain analysis which solves the irregular 
wave responses of a ship by means of the regular wave 
responses within a frequency band. Its principal 
assumption is the linear superposition of the waves and the 
wave induced motions and loads. In theory, this 
assumption is only valid in the case of small waves and 
small ship motions. However, for conventional ships, the 
comparison with full scale measurements shows reasonable 
agreement even in rough sea states. 


For high speed craft, non-linear effects, such as the effects of 
high speed, large amplitude motion and its induced load, 
can be significantly more severe than those for conventional 
ships. In most cases, if not all, they have to be considered in 
the prediction. As most of the non-linear theories used for 
high speed craft are developed based on the linear theory, 
the understanding of the linear theory is a good starting 
point to understand the non-linear theories. 


2.4 Linear Theories 


Based on the assumptions of small wave and ship motion 
amplitudes, the linear theory allows the division of total 
velocity potential into the potential of incoming waves, the 
steady potential due to forward ship motion, and the 
diffraction and radiation potentials. This results in a linear 
decomposition of the problem. Consequently, the forces 


LR Technical Association: Paper No. 2. Session 1997-98 


proportional to the displacement, velocity and acceleration 
of the ship and the wave excitations (incident wave and 
diffraction forces) can be obtained independently. These 
forces determine the motion and load responses of a ship to 
a regular wave. To assist the understanding of the problem, 
the basic motion equation of a ship is expressed below 
based on Newton's Second Law: 


(M+A)i+Bn+Cn=F+F" (2.1) 


where M is the mass of the ship, A is the added mass, B is 
the damping coefficient and C is the hydrostatic restoring 
force coefficient. F' + F” is the total wave excitation force, 
with F' and F” representing incident and diffraction 
components, ), 1) and 1 are the wave induced motion, 
velocity and acceleration respectively. 


"y = surge 
sway Ni, = roll 


N, = heave 


~ 
> 
il} 


Figure 2.4 Definition of Translatory and Angular 
Displacements 


The motion of a ship can be in any of the six degrees of 
freedoms as show in Figure 2.4. The vertical plane motions 
include surge, heave and pitch, while lateral plane motions 
include sway, roll and yaw. The linear theory further 
assumes that there is no coupling effects between vertical 
and lateral planes of motions. In a regular sinusoidal wave, 
the equation (2.1) can be re-written as: 


6 ; 
EM + Ay) Ty + Bum, + Cml = CF + FP): j=1,6 (2.2) 
where My, Ay, By and Cy are generalised matrices of the 
ship’s mass, added mass, damping and _ restoring 
coefficients. The subscripts of n,, Fl and F? denote the mode 
of motions and forces, with k or j =1,2,...6 referring to surge, 
sway, heave, roll, pitch and yaw respectively. i equals \(—1), 
t is time variable and @ is wave frequency. 


The above assumptions simplify the ship motion problem 
significantly. They allow each force component to be 
predicted independently. In other words, when evaluating 
the added masses and damping coefficients, the ship is 
assumed oscillating in calm water (no incoming wave), 
whereas when evaluating the wave excitation forces, it is 
assumed being restrained in the incoming wave (no ship 
motion). In a linear theory, all forces are calculated only on 
the wetted surface of the ship below its mean water line. 
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Obtaining the motion amplitudes, nN, requires the 
coefficients in equation (2.2) being determined and the 
motion equations solved. The evaluation of the mass 
matrix, My, and the hydrostatic restoring forces, Cy is 
relatively easy. The incident wave forces Fl, or so called 
Froude-Krylov forces, can be found by direct integration of 
the incident wave pressure over the hull. The major 
difficulties in determining the ship motion is to calculate 
the added masses, Ax, damping coefficients, Bi, and the 
diffraction forces, FO. The difference between the two 
dimension strip theory and three dimension linear theories 
is the way in which they calculate these hydrodynamic 
coefficients. 


2.4.1 Two dimensional strip theory 

When a ship is sufficiently streamlined, i.e. thin, slender or 
flat, with low forward speeds, the problem can be further 
simplified to approximate the three dimensional problem 
by a two dimensional solution. This yields the two 
dimensional theory, or 2D strip theory. 


Strip theory was first developed by Korvin-Kroukovsky 
and Jacobs in 1957, and was later modified into a practical 
seakeeping tool for low speed mono-hull ships by 
Gerritsma and Beukelman (1967), Frank (1967), and 
Salvesen, Tuck and Faltinsen (1970). Today, it is still the 
work horse for linear motion and load predictions of 
displacement ships. 


In strip theories, a ship’s hull is divided into a number of 
transverse strips, as shown in Figure 2.5. The flow field at 
any cross section of the ship may be approximated by the 
assumed two dimensional flow in that strip. To obtain the 
total effect on the ship, the effects of all individual strips are 
integrated along the length of the hull. For example, the 
strip theory approximation for heave added mass is 


Ag, = J, a3 0dx (2.3) 
where a,,(x) is two dimensional heave added mass of the 
strip located at x. L denotes that the integration is taken 
over the ship length. 

As shown in Figure 2.5, the essence of strip theory is to 
reduce a three dimensional hydrodynamic problem to a 


series of two dimensional problems which are easier to 
solve. In addition to the linear forces shown in equation 


Two-dimensional 
strip z = 


f IL 
PELL SEBEI 
V7 


7 = Cy 


Figure 2.5 Two Dimensional Strip in Heave 


(2.2), most linear theories include some kind of non-linear 
correction terms to account for viscous effects, e.g. roll 
damping. 


The full scale and model test data show the strip theory can 
provide reasonable results for low speed displacement 
ships even in rough seas. The effects of the viscous 
damping should be included in the prediction. 


Lee, Jones and Curphey (1973) extended the strip theory to 
predict motions and loads of catamarans. Correlation of the 
analytical predictions of motions and global loads in head 
and beam seas was made at low and moderate speeds. The 
results were satisfactory. Later, Lee and Curphey (1977) 
modified the theory further and applied it to SWATHs. 
Good agreement was achieved between the model tests and 
theoretical predictions. 


The hydrodynamic interactions between the two hulls of a 
twin hull craft have significant effects on the transverse 
loads at low speeds. Figure 2.6 shows the comparison 
between model test results and predictions. It is obvious 
that the traditional static wave analysis which is based on 
static pressure over the hull surface, i.e. the Froude-Krylov 
approach, is inadequate in providing accurate results. To 
predict the transverse loads, the diffraction and radiation 
components of the wave loads have to be included. 


The cross-deck height has direct effect on the slamming and 
transverse bending moment on the cross-deck of 
catamarans and SWATHs. An increase in deck height 
increases the bending moment but obviously reduces the 
chance of slamming. 


Although 2D strip theory is simple to use and can provide 
reasonable motion and global load predictions in many 
occasions, it is often found inadequate in predicting hull 
pressure distributions for both mono and multi-hull craft. 
To improve the prediction accuracy, the use of three 
dimensional theory is recommended. 


2.4.2 Three dimensional theory 

At present, the most popular 3D theory is based on the 
Green function method, in which sources are distributed 
over the wetted hull surface only, while the Green functions 
are used to ensure that the solution satisfies the free surface 
boundary condition. The 3D Green function method was 
applied to large floating structures by Faltinsen and 
Michelsen in 1974 and later to twin hull craft by Inglis and 
Price(1982), Zheng (1988) and MacGregor, Zheng et al 
(1988). In 3D theory, a craft is approximated by a number of 
panels as shown in Figure 2.7. The hydrodynamic 
interference between the twin hulls, as well as along the 
hull, are taken into consideration. 


3D theory can be applied to large, non-slender structures. 
To ships, the major advantage of a 3D theory is its ability to 
improve the prediction accuracy for the hull pressure 
distributions. This is important for classification purposes. 
As stated by Hughes and Franklin (1993), the strip theory 
can not provide accurate values for pressures acting on 
local structure. They recommend that a 3D hydrodynamic 
model should be used in conjunction with 3D finite element 
method for detail structural analyses. 


A problem associated with 2D strip and 3D Green's 
function methods is the irregular frequencies at which the 
theories fail to give a correct answer by predicting resonant- 
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Figure 2.6 Decomposition of loading effects for a catamaran 
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Figure 2.7 Three-dimensional Panels for a catamaran 


like spikes in curves of hydrodynamic properties versus 
frequency. Particular attention has to be given to these 
effects. There are several ways of reducing the irregular 
frequency effects. Allocation of source segments or panels 
at water plane inside the hull as used by CRS (1997b) is one 
of them. But, so far there is no reported method which can 
completely eliminate the irregular frequencies in Green’s 
function methods. 


Due to the limitations of their basic assumptions, both 2D 
and 3D linear theories fail to predict adequately the 
motions and loads of a craft at high speed and/or in heavy 
seas when severe motion and slamming occur. 


In order to solve forward speed problems, Inglis and Price 
(1981) applied forward speed Green’s function to the 
solution. In their approach, the steady wave potential 
created by a craft at forward speed and its interaction with 
the oscillation induced radiation potentials are accounted 
for mathematically. The free surface boundary condition is 
still linear. However, the study by CRS (1997a) found its 
improvements on the motion and load predictions are not 
significant, while the required computational efforts are 
dramatically increased. 


The hydrodynamic interaction between the twin hulls of a 
multi-hull craft reduces dramatically as speed increases. As 
most linear theories predict hydrodynamic forces based on 
the low speed assumption, they usually overpredict the 
hydrodynamic interaction and consequently the transverse 
loads at high speed. This phenomenon has been confirmed 
by both model and full scale measurements. 


To properly account for the effects of high speed and large 
amplitude motions, non-linear theories may have to be 
applied. 


2.5 Non-linear Theories 


The non-linear effects on the motions and loads of a high 
speed craft can be categorised into the following major 
items: 

e viscous damping; 

e high speed effect; 

e slamming load; and 

e large amplitude motion. 
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Viscous damping effects 

It is well known that viscous effects strongly influence the 
roll motions of mono-hull ships near resonance. It also 
affects heave and pitch motions of twin hull craft, such as 
SWATHs. The prediction of viscous damping is relatively 
well established and usually included in most linear theory 
programs. The popular prediction methods are usually an 
empirical or semi-empirical based approach, such as Ikeda, 
Himena and Tanaka’s formula for mono hulls (1987) and 
Lee and Curphey’s approach for twin hull craft (1977). A 
theoretical approach based on a vortex shedding method 
was developed by Downie, Graham and Zheng (1993). For 
the details of different prediction methods, readers should 
refer to the quoted references. 


Large amplitude motions, slamming loads and forward speed effects 
The predictions of large amplitude wave induced motions 
and loads and the structural responses are particularly 
important in the design of high speed craft as they govern 
the design. The non-linear theories for large amplitude 
motion and load prediction are usually in time domain. In 
contrast to the frequency domain approach, the craft 
motions and loads in time domain are calculated by time 
integration of the equations of motion. This allows the 
forces of non-sinusoidal nature, such as slamming loads, 
forces due to large changes in wetted hull surface etc., to be 
included in the solution, whereas the linear frequency 
domain approach requires all forces to be sinusoidal. 


There are many non-linear theories which can be applied to 
high speed craft. The majority of them are based on the 2D 
or 3D linear theories with the non-linear effects of large 
amplitude motion, slamming and/or forward speed effects 
incorporated in one way or another. 


2.5.1 2D quasi-linear theory 

For non-planing mono-hulls, SWATHs, hull-borne SESs and 
catamarans, the most straight forward non-linear approach 
is probably the 2D non-linear (or quasi-linear) theory 
developed by Kaplan (1995). The only non-linear component 
considered in the theory is slamming induced loads. 


This theory is primarily based on the linear strip theory 
which is used to derive all linear hydrostatic and 
hydrodynamic forces except slamming loads, which means 
all forces are still evaluated on mean wetted surface. The 
frequency domain results from linear strip theory are 
expressed in time history form. The slamming loads are then 
determined and combined with the linear wave induced 
loads. The theory is therefore called 2D quasi-linear theory. 


An important assumption made by Kaplan is that the 
effects of slamming will not have any significant influence 
on basic ship motion responses, namely, heave and pitch, 
since various model tests have shown only a small 
influence of slam forces on the basic motion characteristics 
of hull-borne SESs which experienced very large impact 
loads. Under this assumption, the slamming loads, which 
primarily manifest themselves in vertical accelerations and 
structure loads, such as vertical bending moment and shear 
forces, can be directly determined from the bow 
immersions and relative velocities calculated by the linear 
theory. The coupling effects between slamming and basic 
ship motion responses, i.e. motion and velocity, are ignored. 
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Figure 2.8 Motion and load comparison for a mono full craft, 10kt speed, 30° heading off bow, Sea State 7. 


The slamming induced accelerations and structure loads 
can then be added to the linear responses in time domain to 
determine the total responses. Figure 2.8 shows that the 
simulated heave, pitch motions and vertical bending 
moments of a mono-hull vessel reported agree reasonably 
well with model tests, while the roll responses are only fair. 
The 2D quasi-linear theory is relatively simple to apply and 
is computationally effective. 


2.5.2 2%4D high speed theory 

The 2D quasi-linear theory mentioned above aims at 
dealing with the slamming load and its induced structural 
responses. The forward speed terms used in the theory are 
still based on the low speed assumption. As the speed 
induced steady waves propagate both longitudinally and 
transversely, in other word in 3D nature, the 3D effects 
should be considered in order to incorporate the speed 
effects properly into the predictions. 


As 3D non-linear theories suitable for high speed 
applications require very high computational efforts, 
Faltinsen and Zhoa (1991) presented a so called 24D high 
speed theory, in which the three dimensional free surface 
boundary condition is used to interrelate the 2D problems 
at each strip. The theory is more comprehensive than the 2D 
quasi-linear theory and incorporates not only the 
slamming, but also the high speed effects in the prediction. 


In the 24D theory, the problem is solved by a stepping 
procedure which starts at the bow. Its computational 
efficiency is comparable to that of a 2D theory. With this 
formulation, the important diverging wave system around 
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a high speed hull is properly included, but the transverse 
waves, which are important at low speeds especially for 
twin hull craft, can not be incorporated into the solutions. 
Hence, the method is theoretically applicable only to the 
craft travelling at high speeds. A number of applications of 
the theory have shown reasonable agreements with model 
test data for motion and global load predictions. 


2.5.3 3D high speed theories 

3D high speed theories have been developed at Massachusetts 
Institute of Technology (MIT) by Nakos, Kring and 
Sclavounos (1993) and at Delft University of Technology by 
van’t Veer (1997). Both approaches are based on the 3D 
Rankine Panel Method which requires the distribution of 
Rankine source panels over the hull and free surface. The 
potential flow passing a ship travelling in calm water or in 
waves is simulated in time domain together with wave 
induced motion and loads. The theories account for the effects 
of large amplitude and slamming loads, and also of the high 
speed in a more accurate way. According to Nakos, Kring and 
Sclavounos, their theory is applicable throughout the range 
from zero to high speed F,, = U/ VgL = 0.8 or higher. 


In terms of large amplitude motion modelling, the program 
package developed at MIT, SWAN, considers only linear 
hydrodynamic forces with non-linear calculation for 
hydrostatic restoring and Froude-Krylov incident wave 
forces. This assumes that the hydrostatics and the 
undisturbed incident wave non-linearities are dominated. 
The wave pattern predicted by SWAN for a catamaran in 
three different speeds are shown in Figure 2.9. They also 
show that the hydrodynamic interaction between twin 


hulls reduces as speed increases. 
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Figure 2.9 Steady wave patterns for a catmaran form moderate to high speed. 


In the recent version of SWAN2, Weak-Scatterer hypothesis 
is implemented by Huang (1996). It includes non-linearity in 
the wave solution, including hydrostatic and hydrodynamic 
forces, as well as high speed effects. However, this non- 
linear simulation is very time consuming. For a typical 
commercial ship application, it is reported that the ratio of 
computational simulation time to real time is in order of 
1000:1. Even though the Weak-Scatterer theory is able to 
capture “global” non-linearities and improve predictions of 
global response, it is not capable of modelling “local” 
extreme events such as wave slamming and deck-wetness. It 
is therefore not practical, at least at present, to apply this 
type of theory as an engineering tool. 


2.6 Slamming Load Prediction 


Slamming loads are affected by many parameters, such as 
relative motion, velocity, and impact angle, fluid 
compressibility, air entrapment, local structure shape and 
stiffness. The phenomenon is highly non-linear with wave 
height. It is time and space dependent. 


Due to the complexity of the problem, the slamming loads 


are usually calculated by separate modules in almost all 
existing seakeeping programs. The methodologies used for 
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slamming load predictions are often different from those 
used for wave loads predictions. 


There are three major types of approaches for calculating 
slamming induced loads and pressures, namely, the 
method based Wanger’s approach (1932), the momentum 
approach, Kaplan (1991), and the non-linear boundary 
element method developed by Zhao et al (1996). 


2.6.1 Wagner’s approach 

Wagner’s work was initially on a simple wedge entry 
problem in calm water. It was later extended by Ochi and 
Motter (1973) to a general shape representing a ship’s bow 
section based on empirical coefficients derived from model 
test data. The extended Wagner’s approach can be used to 
predict slamming loads and pressure for both bottom and 
flare slamming. The Wagner’s approach is simple to apply 
and provides reasonable results (Chou et al, 1993). Since it 
is an empirical based approach, it is only valid within 
certain geometry variation. Additionally, it is only capable 
of determining slamming loads statistically, not in time 
history. 


Some of the existing formulae based on Wagner’s approach 
for estimating slamming pressure are summarised as 
follows: 


p=“C.pVr (2.4) 


where p is the peak value of impact pressure, V, is relative 
velocity, p is water density and C, is impact pressure 
coefficient. 


C, (8) = 1 cot” 0/4 
Cy (8) = 400 exp(—0.140) 
Cp (®) = cot” @ 


(Wagner 1932) (2.5) 
(Maeda 1976) (2.6) 
(Watanabe 1986) (2.7) 


where 6 is dead rise angle. 


2.6.2 Momentum theory 

The momentum theory was applied to high speed craft by 
Kaplan (1991). It applies to general ship sections. The 
theory assumes impact on calm water surface and can be 
used to determine sectional slamming loads on bottoms, 
flares or cross-decks. The theory is relatively easy to apply 
and capable of predicting the time history of the forces. 
However, the momentum theory is only capable of 
calculating sectional forces, not the impact pressure 
distribution. Zhao (1996) argued that the momentum 
theory gives too low maximum forces and wrong time 
history of the forces as it assumes that the impact is on an 
undisturbed water surface. 


In the momentum theory, the slamming force is calculated 
by: 


=D 
lis, impact — Dt (m,,Wy) (2.8) 
BP Pee (2.9) 
Dt ot ox 


where m, is vertical added mass of immersed region 


w,= V tan(t + 1.) + w, 


D&yb 
Dt 


(2.10) 


W.=13—XN-+ Vn. + (2.11) 


where V is forward speed, 1, is heave displacement, 1). is 
pitch angle, ¢ is surface wave elevation and t is bow ramp 
elevation angle. 


2.6.3 2D boundary element method 

2D boundary element method developed by Zhao et al 
(1996) is capable of solving the non-linear water entry 
problem of arbitrary 2D sections with and without flow 
separation. It can predict both impact pressure distributions 
and sectional loads statistically or in time history. Available 
calculations show good agreement between the 
computational and experimental results. However, the 
theory can not be applied to flat bottoms with a dead rise 
angle less than 4 degrees. It is very computationally time 
consuming and further validation are still required. 
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2.7 Prediction Theories for Surface Effect 
Ships and Planing Craft 


2.7.1 Surface effect ship (SES) 

SESs have two distinctly different operation modes, viz. 
hullborne and cushionborne. The hullborne mode is normally 
used inside harbours or in survival conditions, while the 
cushionborne mode is used in normal operation conditions. 
Figure 2.10 shows a typical operation profile for SESs. 


0 10 20 30 40 50 
Ship speed (kts) 5154/35) 


Significant wave height (m) 
> 


Figure 2.10 Operational Profile of a SES 


In terms of motion and load prediction, a SES in hullborne 
mode is essentially the same as a catamaran and can be 
analysed in a similar manner. The main difference between 
them lies in the shape of the immersed side hulls and the 
comparatively small cross-deck clearance of a hullborne 
SES. Their relatively low operation speeds also requires 
consideration of interaction effects between the hulls due to 
wave generation. The prediction method suitable for 
catamarans at low speeds can also be applied to hullborne 
SESs. Due to the low cross-deck clearance, slamming loads 
may have to be dealt with using non-linear time domain 
approaches. Figure 2.11 gives an idea of growing non-linear 
effects with increasing wave heights on a SES. Model tests 
and full scale trials indicate the hullborne mode often 
governs the critical design loads of a SES. 


To predict motions and wave loads of a SES in 

cushionborne mode, the following loads components have 

to be considered. 

- hydrostatic loads (buoyancy) 

= hydrodynamic loads (wave and motion induced, and 
impact) 

= mass inertia loads 

~ aerostatic loads (average cushion pressure) 

- aerodynamic loads (cushion pressure oscillation) 
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Figure 2.11 SES 600 Hullborne Hall Girder Bending Moments 


The first three components are essentially the same as those 
for a catamaran. The prediction methods for a cushionborne 
SES are usually developed based on the time domain theory 
for catamarans with additional consideration for aerostatic 
and aerodynamic loads. The approaches developed by 
Kaplan (1991) and Faltinsen and Zhao (1991) are good 
examples. The non-linear impact loads have to be 
considered for a cushionborne SES together with cushion 
pressure variation and air leakage effects. 


2.7.2 Planing craft 

e load components which should be considered in the 
The load components which should b nsidered in th 
prediction of motions and wave loads of a planing craft are: 


= hydrostatic loads (buoyancy) 

- hydrodynamic loads (wave and motion induced, and 
impact) 

- mass inertia loads 

- hydrodynamic loads due to planing effects 


The theories developed by Meyerhoff and Schlachter (1977) 
and Chiu and Fujino (1989) are specially for the motion and 
load predictions of planing craft. Their studies show that 
the non-linear impact loads have significant effects on the 
motions and loads. 


2.8 Summaries 


Tables 2.3 and 2.4 summarise the theories discussed above 
together with their merits, shortcomings and _ suitable 
applications. The theories listed in Table 2.3 are applicable 
to mono-hulls, catamarans, SWATHs and hullborne SESs. 
Only the theories which account for the effects of large 
amplitude motions can be applied to wave piercing 
catamarans in heavy seas. 
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Non-linearities, such as high speed and slamming load 
effects, have much more obvious effects on high speed craft 
than on conventional low speed ships. They must be 
considered in determining the extreme motions and loads 
responses of the craft, while the linear theory may be 
applied in low and moderate sea states. 


At present, a design load predicted by theoretical methods 
has to be verified by model experiments and/or full scale 
data for a similar design before it can be accepted for 
classification purpose. 
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Table 2.3 


Summary of Prediction Theories for High Speed Crafts - Global Loads 
Linear Large i Computing 


Name Wave Ampl. Load Speed Effort Suitable Applications 

Load Motion Effect | 
2D strip theory Yes No | Ne (os | Cow ~ | Motion, global load prediction 
(linear) in low / moderate speeds 


and moderate seas. 


la5 theory Yes No No TNo Moderate or Motion, global loads and hull 
(linear) pressure distributions 

in low / moderate speeds 
and moderate seas. 


2D quasi-linear Yes Tis Yes =" No Moderate | Motion, global load prediction 
theory in full speed range and heavy seas. 
iby. Jt For multihulls only at high speed. 
2%D high Yes No Yes Yes Moderate Motion, global load prediction 
speed theory in full speed range and heavy seas. 
isikadags For multihulls only at high speed. 
3D high speed Yes T yes Yes win High Motion, global loads and hull 
theory (partially) pressure distributions 
(non-linear) ail in full speed range and heavy seas. 
3D weak ie Yes Yes Yes =i Extreme Motion, global loads and hull 
-scatterer high pressure distributions 
theory in full speed range and heavy seas. 


(non-linear) ‘eas len 


Table 2.4 
Summary of Theories for Slamming Load Predictions 
Statistic Time History Computing 
Name Sectional | Pressure Sectional | Pressure Effort Suitable Applications 
Force Dist. Force | Dist. g| 
Wagner's Yes Yes No No Low Bottom, flare and wet deck slam 
approach aS | 
Momentum Yes No Yes No Low Bottom, flare and wet deck slam 
theory 
= Soe 4 ie 4 
2D boundary Yes Yes Yes Yes Very high Bottom, flare and wet deck slam 
element (dead rise angle > 4 deg.) 
theory 
ee J 
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3 Model Experiments 


Insufficient experience with high speed craft designs, 
especially for large craft as compared with conventional 
ships, and the absence of reliable analytical methods for 
both global and local loads prediction often make the 
experimental verification of design loads imperative. For 


this reason model experiments are required. 


For classification purposes, the aims of a model test are to 

measure: 

e motion responses, i.e. motions, velocities and accelera- 
tions; 

e global loads on hull girder and cross-deck structure; and 

e pressure wave and impact induced local pressures on the 
hull surface. 


A model test can be carried out in a model basin or in open 
sea. The complexities of a model, the data collections and 
analyses vary considerably depending on the amount of 
information one expects to get from the test, so does the cost. 


There are several model test techniques which are 
commonly used for high speed craft and are discussed in 
the following sections. 


3.1. Tank Model Test 


A tank test is performed in a model basin. The waves can be 
either regular or irregular. The models can be free running 


or towed. 


3.1.1 Regular wave test 

A regular wave test is run in a group of regular waves. It is 
used to measure the response of a model in regular waves 
and deduce a set of response amplitude operators (RAQOs) 
for use in the superpositioning theory to predict 
performance in irregular waves. This technique is 
particularly useful for validating computational theories. A 
large number of runs are required to cover adequately the 
range of wave frequencies and amplitudes involved. 


3.1.2 Irregular wave test 

An irregular wave test is carried out in a set of standard 
irregular wave patterns. The measured data can be used to 
derive short and long term responses and RAOs. Several 
runs will generally be necessary for each condition to obtain 
sufficient motion or loading cycles for subsequent statistical 
analysis with a reasonable level of confidence. However, as 
the irregular wave generated by a wave maker is composed 
of a finite number of wave components, it is often found that 
the RAOs derived from the irregular wave tests are not 
reliable near each end of the wave frequency range. 


3.1.3 Advantages and shortcomings of tank 
model tests 
Advantages 
if The most obvious advantage is that the test can be 
carried out under controlled wave environments. 


This gives one full control over the test progress. 
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iz Regular wave tests can be performed. The RAO’s 
directly measured from regular wave tests are very 
useful for validating computational theories and 
studying the physical phenomenon of the motions 
and loads for a craft. 

5 aeeitd ; : 

3. Oscillation tests can be carried out to determine 


hydrodynamic properties of a model, such as added 
mass and damping coefficients which are useful for 
hydrodynamic and hydroelastic analyses. 


Shortcomings 
l. Model scales are usually small due to the restriction 
of test facilities. 


nN 


Motion and consequent loads are influenced to some 
extent by the constraints imposed by the towing 
system. 


o>) 


Only two dimensional head or following seas can be 
simulated in most model basins, especially for high 
speed craft. 

4. The wave spectra generated in a model basin are 
composed of a finite number of wave components 
which sometimes make the realisation of certain 
seaways difficult. 


gi 


Multiple runs are required to obtain statistically 
significant sets of load data, which can be costly and 
time consuming. 

6. The model and the speed used in the test are properly 
Froude scaled. However, it is difficult to scale the air 
pressure oscillations in SES and ACV (Air Cushion 
Vehicle) tests as there is normally no way to scale 
atmospheric pressure. 


Figure 3.1 A SES Open Sea Model 


3.2 Open Sea Model Tests 


Open sea tests are carried out at sea. The waves 
encountered can only be irregular since regular waves 
hardly exist. The model can be free running or towed. 
Figure 3.1 shows a free running test and Figure 3.2 shows 
the arrangement of a towed model test in open sea. 


3.2.1 Advantages and shortcomings of open 
sea tests 
Advantages 
1. Larger scale models can be used in comparison with 
tank tests. This results in smaller scale effects. 


2 No sophisticated tank and wave making equipment 
are required. 
2} The test can be carried out in any wave direction. 
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Figure 3.2 Towed model-test in open sea 
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Figure 3.3 A towing tank 
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Xough water tests can not be programmed as the sea 
wave conditions depend on weather conditions 

2 The sea state can not usually be described by 
heoretical wave spectra, e.g. ISSC or JONSWAP 
spectra 

t is difficult to maintain the same Froude scale for 
oth wave heights and periods 


4 or manned models, the scaling problem can be 


urther reduced. However, as 


it is not practical for 
large sized models to be made segmented; the 
different components of the global loads can not be 


measured directly 


3.3 Model Basins 


There are two different types of model basins which are 


usually used for motion and load tests which are also called 


ee) seakeeping tests 


LR 


5154/14 


Conventional towing tanks are one of them. A towing tank 
is relatively narrow and long, and at one end wave makers 
are fitted. Figure 3.3 shows a typical towing tank. The 
carriage above the tank is used either to tow a model or to 
follow a self propelled model at a controlled speed It also 
carries measurement and control equipment. In this type of 
basin, a model test can only be run in head or following sea 
conditions 

Another type of facility is seakeeping basin. It is 
considerably wider and shorter than a conventional towing 
tank, as illustrated in Figure 3.4. Wave makers are fitted on 
one or two sides of the basin and the carriage can usually 
move in two directions. With the combined use of the wave 
makers and the carriage, a model can be tested in arbitrary 


wave directions 


The wave making system in a model basin usually contains 
a large number of independent wave makers. Short crested 
waves can be generated by adjusting the phases between 


each wave maker 
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Figure 3.5 Elastic catamaran model 


In Appendix 1, all the major model basins around the world 
and their testing facilities are listed together with their 
communication addresses. Some of the manoeuvring 
basins and ocean basins listed can also perform seakeeping 
experiments. 


3.4 Models 


Due to the restrictions of the testing facilities, the 
seakeeping models used in tank tests are usually smaller 
than resistance and powering models. The complexity of a 
model varies depending upon the type of the model tests 
and the amount of information one would like to obtain. 
Three types of models are commonly used. They are: 


Rigid model 

Rigid models are the simplest models which are used to 
measure motion responses including velocities and 
accelerations. They can also be used for resistance and 
powering tests. For a rigid model, correct modelling is only 
required for the global mass properties, such as mass, 
inertia and centre of gravity, not the mass distributions. 


Guiding rails 


Trolley system 


Figure 3.6 A dropping test rig 
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Rigid model segmented 

As indicated by its name, a rigid segmented model is 
composed of a number of rigid segments in order to 
measure different components of global loads, such as 
longitudinal and transverse bending moments, shear forces 
and torsional moments. All the segments are connected to a 
metal frame on which force measurement elements are 
fitted. As the structural stiffness is not modelled in this type 
of model, the frame is usually made ‘infinitely stiff’ so that 
the effects of hull vibrations can be excluded. Both global 
mass properties and its distribution are required to be 
modelled properly. 


With a segmented rigid model, the internal loads 
experienced by the structure can not be measured directly. 
However, the external loads measured from the test are 
independent of the actual structure, provided that the mass 
properties and its distributions are preserved. The structure 
dynamics is excluded as far as possible. One advantage of 
this type of model is its flexibility. When the structure is 
refined in later design stage, one can always apply the 
measured external loads to a finite element structural 
model and evaluate the resulted responses. If the structural 
dynamic phenomena are important, they can be 
incorporated in the structural modelling. 


Elastic model 

This is the most sophisticated type of model. An elastic 
model is a segmented model with the stiffness of the hull 
girder being modelled. It is used to measure the global 
loads including the effects of the hull girder vibration, such 
as ‘springing’ and ‘whipping’. 


The elastic model requires knowledge of the structure 
before the model can be constructed. The loads measured 
in the test correspond directly to the internal loads 
experienced by the structure. This makes short and long 
term predictions quite straightforward as the dynamic 
effects of the structure is included in the modelling. On the 
other hand, an elastic model is only valid for the actual 
structural properties on which the model is based. Any 
change made in refining the structural design may affect 
the validity of the test results. 


Figure 3.5 illustrates a typical elastic model of a catamaran. 


A rigid segmented model is similar to the elastic model but 
without the elastic elements fitted. 
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Figure 3.7 A test rig moving against incoming wave 


The local pressures can be measured on all three types of 
models by fitting pressure gauges or force panels at 
appropriate locations. However, this technique is difficult 
to obtain meaningful impact loads, to which the hull 
structure is to respond. This is due to the fact that the local 
impact loads are strongly influenced by the local structure 
stiffness and air entrapments, and both of them are difficult 
to model at small scale. To measure local impact loads 
accurately, dropping tests may be required. 


3.5 Dropping Tests 


The factors which influnce the local impact pressure are 
relative velocities at the location where impact occurs, the 
shape of the hull or the ramp angle of a flat bottom, the 
stiffness of the impacting structure and the air entrapment. 
Peak impact pressures occur only over small areas in short 
duration, while the pressures over large areas are relative 
low. Hence, the local design pressure must be referenced to 
a specific area. 


Dropping tests are used to measure the local effects of the 
impact loads, e.g. local pressures, the forces acting on a 
given area and structure stresses. Figure 3.6 shows a test rig 
used for the dropping test. To model forward speed effect 
the test rig can be moved at a speed against waves, as 


shown in Figure 3.7. As local stiffness and air entrapment 
are important factors to slamming loads, large scale tests 


are recommended to reduce the scale effects. 


Figure 3.8 illustrates a cross-deck panel model with 
dimension of 2.030 x 1.850m2. To simplify the problem, the 
model is dropped into calm water on regular wave 
surfaces. It should be noted that, not only the entry 
velocities and attacking angles, but also the velocity profiles 
after initial impact, have direct influences on the impact 
loads. The entry velocities depend on the dropping heights, 
while the velocity profiles are governed by the weight of 
the model. Figures 3.9 and 3.10 show the spatial average 
peak pressures and transverse strains measured from the 
cross-deck panel dropping test. It can be seen that different 
masses result in very different impact loads. The mass of a 
model should be chosen to make the velocity profile as 


close to reality as possible. 


Figure 3.8 Pressure and strain gauges mounted on aluminium model 
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Figure 3.9 Spatial average peak pressure, impact on calm 
water mass @ 698 kg, “. 311 kg 


- 1500 
© 

#1250 

§ 1000 
= 
[= 
= 
© 
on) 

6) 

0.0 0.5 1.0 ifs) 2.0 25 
Drop height (m) 5154/07 


Figure 3.10 Transverse strains in the middle of the model 
@ mass 698 kg, impact on disturbed surface 

© mass 698 kg, impact on calm surface 

t+ mass 311 kg, impact on clam surface 


Model 2: Pressure peaks P3 


3.6 Determination of Long Term Loads 


As for conventional ships, both the global and local design 
loads for high speed craft are based on long term loads. In 
deriving those loads, Weibull distributions are usually 
assumed. When model tests are used to derive long term 
loads, this assumption is valid only for the measured data 
forming approximate straight line in a Weibull probability 
presentation. Figure 3.11 shows a set of results from a LR 
participated test (SSPA 1995). It gives an idea of the 
problem. The Weibull plot of measured slamming pressures 
on a Ro-Ro bow visor is illustrated in the figure. In Figure 
3.11, P(X) on Y-axis is equal to the probability that X is less 
than that value. The design pressure was determined at a 
probability level of LN(-LN(-P(X)))=2.0 or P(X)=0.99938 
which represents one event in about 1600 wave encounters, 
i.e. one event in 3 hours with a wave encounter period of 7 
seconds. It is evident that an appropriate choice of the 
Weibull slope for extrapolation is essential in determing the 
final design loads. Should it be averaged over the whole 
range of measured data or only represent the upper 
portion? To reduce the error of the extrapolation, a 
sufficient number of multiple tests are required. 


Special attention has to be paid to the model tests in heavy 
seas when slamming occurs. As slamming usually occurs 
once in a number of wave cycles, the running time of each 
test case should be long enough in order that sufficient data 
on slamming induced loads can be collected. 
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Figure 3.11 Weibull plot of the measured slamming pressure 
on a ro-ro bow visor 
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3 4 Practical Examples 


n support of the SSC Rules and the development of 
calculation procedures for design approval and guidance 
R has instigated a number of research and development 
yrojects. Some aspects of this research are intended to 
srovide a fundamental understanding of global wave load 
and wave impact phenomena, whilst others are focused on 
he probabilistic load prediction methodology and tools. In 


his section, the results from two model test programs are 


sriefly presented as practical examples 
k } I 


4.1. Tank Model Test 


\ rigid catamaran model was tested at Maritime Research 
Institute Netherlands (MARIN) for a LR participated project, 
CRS (1996 and 1997c). The catamaran had a semi-SWATH 
design, was self propelled and fitted with a pair of active fins 
The hull form is illustrated in Figure 4.1. Its principal 


dimensions are as illustrated in Table 4.1 
The main aims of the test were to 


measure the relative motions forward and find the 
minimum cross-deck height in order to avoid cross- 
deck slamming; 
derive motion RAOs and calibrate prediction 
programs; 

determine the motions, velocities and accelerations; 
and 


assess the operability of the craft 


Figure 4.2 shows a photograph taken at the test 


Figure 4.1 Body plan and general arrangement of the 
catamaran 


Table 4.1 
| Principle Dimensions of the Catamaran 
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4.1.1 Test conditions 
The model was tested in both regular and irregular waves 


in MARIN’s seakeeping basin. 


In regular wave tests, the model was tested at 36 knots in 
five wave headings, i.e. stern, stern quartering, beam, bow 
quartering and head seas, in different wave frequencies and 


amplitudes. A total of 59 test runs were carried out 


The irregular wave tests were only performed in head sea 
condition at service speed. The significant wave height, Hs, 
was 5.0 metres and the wave periods, T>, were 6.0 and 8.0 


seconds 


For each regular wave frequency one run was performed, 
while for the irregular wave tests 150 waves were 
encountered, which corresponds to 10 runs in the basin to 


cover the whole pattern 


4.1.2 Test results 

Relative Bow Motion and Slamming Occurrence 

Based on the measured results of the relative bow motions 
from the irregular wave tests, the probability of slamming 
occurrences is determined using statistical analysis. The 


results are presented in Table 4.2 


Figure 4.2 Test in irregular head seas H, = 5m, T, = 6s, Speed 
36 knot 
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litude (deg/m) 


Table 4.2 

Slamming Slamming 
Tp 
(sec) 


Fins | No fins Fins | No fins 
Te N Hwo | Hwo N 
(sec) (m) | (m) 
= zero crossing wave period 


Te = mean wave encounter period 
N = number of wave encounter 
Hwp =  cross-deck height 


(above still water) 


Table 4.2 shows that the governing condition is the long 
period sea state. It also shows that the required cross-deck 
height needs to be greater if active stabiliser fins are adopted. 


To limit the occurrence of cross-deck slamming to less than 
once in 1 hour in a 5.0m seastate at 36 knots, the cross-deck 
height has to be more than 6.18 metres. 


Motion Responses and Prediction Program Calibration 

The results from regular and irregular wave tests were used 
to calibrate the computational predictions from a 3D linear 
program, ‘PRECAL’ (1997). Figures 4.3 and 4.4 show the 


RESPONSE OF PITCH (3) 
Test No. 7280 Hs=5 m, T2=6 s, DIR=180 deg 
Test No. 7281 Hs=5 m, T2=8 s, DIR=180 deg 


Speed of catamaran 36 knots - Without fins 
e Regular waves 
o PRECAL 


Figure 4.3 Response of Pitch of the RoRo catamaran 
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Figure 4.4 Response of Relative Bow motion 


comparisons between measured and predicted results for 
pitch and relative bow motion respectively. It also shows an 
example of the combined use of regular and irregular tests 
to achieve optimum results, since irregular wave tests are 
difficult to cover full frequency range whereas regular 
wave tests requires large number of runs. 


The calibration studies were carried out over a wide range 
of wave conditions. The results are summarised in Table 4.3. 


The predictions from ‘PRECAL’ are generally good for this 
particular design in terms of motions and accelerations. The 
cross-deck height of the model is 7.00 m full scale, which is 
high enough to avoid severe slamming in her design sea 
state. 


Operability Analysis 

Finally, the computational program, PRECAL - CRS 
(1997b), was used to predict operability of the catamaran 
over a very wide range of operational profiles, which are 
impractical to be covered by model tests. The criteria used 
for operability analysis are listed in Table 4.4. 


Figure 4.5 shows the results from the operability analysis. It 
can be seen that the governing condition is bridge lateral 
accelerations. The analyses were performed for all wave 
directions with 45 degrees interval at 36 knots. The overall 
operability of the catamaran in the North Sea is 95%. 
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Table 4.3 
Motion Responses and Prediction Program Calibration Studies 


head seas bow quartering seas Beam seas 
| windwd. leeward [windwd. | leeward 

Sway i= excell good 

Heave excell excell excell 

Roll - medi good 

Pitch excell excell medi 

Yaw i | good I 
| Rel motion fore excell oa excell | mec | medi =| medi | 
Vert. accel. fore eee good bad good excell 

Vert. accel. aft good excell bad excell excell 

Lat. accel. fore = excell excell excell excell 

Lat. accel. aft - excell excell medi medi 
where 

excell (excellent) accuracy of peak and slope very good 

good lower degree of accuracy; differences in range 10-20% 

medi (mediocre) peak period not well predicted or large differences in 

peak amplitude (20-40%) 
bad differences in amplitudes > 40% | 


Operability Analysis RoRo Catamaran 
CAT20 with fins 
Wave direction 90 * at 36.0 KN 


DOWNTIME ANALYSIS Average Downtime 
Identification Criterion Thousandth 
Linetype 
VA bridge 6.00 m/s"2 C) 
LA bridge 4.80 m/s"2 8.5 
VA corn 1 10,55 m/s"*2 (e) 
NID ah VA corn 2 10.55 m/s"*2 ° 
a ee VA corn 3 10.55 m/s"2 0 
a cea led —= VA corn 4 10.55 m/s**2 L¢) 
La ee pad LA corm 12 10.55 m/s"*2 0 
O = Seer nom ood LA corn 34 10.55 m/s"*2 ° 


0 ss 10 15 


Zero-Up Crossing period (s) ee 


fe) Figure 4.5 Operability Diagram for a RoRo catamaran 
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Table 4.4 
Criteria for Operability Analysis 


Co-ordinates Criteria =) 

location xX Y 7a Vertical Lateral 

acceleration acceleration 

(m) (m) (m) (g) (g) 

Bridge 0.446 

Corners cargo deck 

Port - forward 1.0 

Port - aft 1.0 

Starboard — fwd 1.0 

starboard — aft 1.0 


where X is relative to Station 0, Y to the centre line and Z to the keel. 


4.2 Open Sea Test 


Asegmented rigid model of a catamaran was tested in open 
seas by the Krylov Institute on behalf of LR, Cheng (1997). 
Some of the results are presented here as a_ practical 
example of the open sea tests. 


The objective of LR’s Krylov Fast Ship Studies was to 
develop a computational methodology for the prediction of 
those load components for Rule formulation purposes in 
the form of direct calculation procedures. The aim of the 
open sea model tests is to calibrate the prediction 
methodology. Therefore, major attention has been 
concentrated on providing the design load envelope for 
catamaran design and approval. 


4.2.1 Catamaran model 

The catamaran model was a segmented rigid model 
instrumented to measure slamming pressures, global loads 
and accelerations. The model had a waterline length of 2.5 
metres and a maximum beam of 0.7 metres. The draught 
amidships was 0.12 metres and the cross-deck height is 0.12 
metres. 


Frame 


The model was divided into four parts by two lines of plug, 
running in the planes of the centreline. The model was 
connected by an aluminium alloy frame as shown in Figure 
4.6. Strain gauges were bonded on the dynamometric 
elements a, b, c and d of the aluminium frame to measure 
the global load. Accelerations were recorded by three 
accelerometers mounted on the deck of the model, and local 
and impact pressures were recorded by 16 pressure 
transducers, as illustrated. 


4.2.2 Test area, wave conditions and program 

The tests were conducted under irregular sea conditions at 
the Primorsk test station in the Gulf of Finland. The wind 
speed reached up to 10 - 12 m/s during the test. Available 
and measured data during the test have shown that the 
wave conditions in the area can be approximated closely by 
a ISSC spectrum 


To tow the model, a specially equipped cutter of 50 tonnes 
displacement was used. A boom with a 5 metres overhang 
over the side was installed on the bow of the cutter at an 
angle of about 70° to the centreline plane, see Figure 3.2. The 
towing speeds were varied between 0 and 5 m/s. To ensure 
the adequacy of the measured data, the test on each 
condition was run with a minimum 200 waves encountered. 


Figure 4.6 Locations of the accelerometers and pressure 
transducers 
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4.2.3 Calibration with predicted design loads 

The measured data froma series of open sea tests were used 
to calibrate the prediction methodology. The experimental 
results were determined at a probability of exceedance of 
3%. For the comparison of results, still water bending 
moments were subtracted from the moments measured and 


computed using the procedures. 


Global Loads 

It can be seen from Figures 4.7 and 4.8, that the longitudinal 
bending moments measured during the tests are consistent 
with the computed results. However, a discrepancy was 
observed at a Froude Number equal to 0.5. As the speed 
increased, this discrepancy shifts to higher wave values. 
Investigations have found that the appearance of model 
resonance may be the cause of the discrepancy. This 
suggests that further investigations would be required. 
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Figure 4.7 Longitudinal Bending moments (sagging) 
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From Figure 4.9, it can be observed that the transverse 
bending moments compared well with theoretical prediction. 
Again a discrepancy was observed in the higher wave 
conditions which may be attributed to model resonance. 

In the case of torsion about the transverse axis, see Figure 
4.10, the theoretical procedures appear to give reasonable 
correlation in the lower wave conditions, but more 
conservative results in the higher wave conditions. 


Cross-deck impact pressures 

The influence of wave intensity, speed and lengthwise 
distribution upon the local impact loads on the cross deck 
are shown in Figure 4.11. It can be observed that the test 
results are consistent with computed results, 
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Figure 4.8 Longitudinal Bending moments (hogging) 
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Figure 4.9 Transverse bending moments 
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Figure 4.11 Influence of wave intensity (a), operation speed (b), and the distance from bow on local load due to cross deck impact 
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4.3. Some Practical Guidance for Model 
Tests of High Speed Craft 


Under LR’s SSC Rules, model experiments and theoretical 

calculations may be required to be carried out for new 

design concepts. Where model testing is undertaken, the 

following data are required to be obtained where 

practicable: 

(i) Vertical accelerations at the LCG, bow and stern. 

(ii) Acceleration loads due to heave and pitch. 

(ili) Vertical bending moments. 

(iv) Bow impact pressures at full forwards speed. 

(v) Oblique sea loads including dynamic torque on the 
cross structure for multi-hull craft. 

(vi) Splitting loads due to beam seas and roll motion for 
multi-hull craft. 

(vii) Impact pressures in tunnel side and top for multi-hull 
craft. 


In addition, the data which are normally measured in a 
model test, such as motions and velocities of the craft, bow 
relative motions etc., are also required for the calibration 
with theoretical calculations. 


Model experiments can be carried out in a model basin or 


at open sea. The minimum test matrix shown in Table 4.5 is 
required to be carried out. 
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Table 4.5 
Cross-deck Impact Pressures 


Item Test Matrix 


Sea State Regular seas and irregular seas up to 
maximum design wave height 

Heading Beam, head, stern and quartering seas 

Speed Three speeds including zero and 


maximum service speed | 


Wave frequency | Adequate to cover full wave 


spectrum range 


Regular test: 8 good oscillations = 
Irregular test: 20 minutes in full scale time 
if no slam occurs; 
1 hour in full scale time 
if slam occurs and slam 
induced loads 
a are measured. 


Test duration 


es 


Some of the points in Table 4.5 are further explained as 
follows: 


Sea state: In regular wave tests, different wave slopes, ie. 
wave height divided by wave length, are required to be 
tested in order to assess the effects of non-linearity. In 
irregular tests, different significant wave heights including 
maximum design wave height are required to be tested 
together with various wave periods. It should be noted that 
a wave lower than the maximum design wave height may 
sometimes induce worse loads if it has a different period. 


Wave Frequency: If only regular tests are carried out, a large 
number of wave frequencies may have to be tested. 
However, by combined use of regular and irregular tests, 
the number of test runs can be reduced. The example given 
in Section 4.1 tested 10 regular and 2 irregular wave 
frequencies in each wave heading and speed. The results 
were reasonable. 


Test duration: For regular wave tests, at least 8 waves should 
be encountered by the model within the valid portion of a 
test run. The acceleration and deceleration parts of a run are 
usually not valid for data collection. In irregular wave tests, 
a minimum of 20 minute test duration in full scale is 
required if no slamming occurs. A minimum of 1 hour test 
duration in full scale is required if slamming occurs and the 
slamming induced loads are measured. Full scale time is 
equal to the model scale time multiplied by the square root 
of the scale factor, i.e. 


= * ~ ~ 
Truttscale = TModelscale *VScaleFactor. 
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} S Concluding Remarks 


Various theoretical and experimental — prediction 
methodologies for high speed craft have been reviewed. 
This Paper intends to give the reader, who is not 
experienced in hydrodynamics, a general introduction to 
the motion and load predictions for high speed craft. It is 
impossible to review all available prediction theories, or to 
discuss any of them in great detail. However, the references 
quoted in this Paper can be helpful to any reader who 


requires further information. 


The theoretical predictions for motion and loading on high 
speed craft are still the subject of research, especially when 
non-linear problems, such as high speed effects, large 
amplitude motions and slamming, are considered. For the 
non-linear theories discussed in this Paper, further 
validations against 
measurements are still required. Due to the complexity and 
uncertainty involved in those theories, it is recommended 
that simple prediction methods, such as linear or quasi- 
linear theories, should be applied as far as practically 
possible in engineering applications. 


experimental and full scale 


To assess design loads on a new design concept, the results 
from model tests are required to validate theoretical 
predictions. Where a model test is undertaken, the data 
mentioned in Section 4.3 have to be measured. Simple 
acceleration data measured from model tests are not 
sufficient to be used in determining design loads for a novel 
design since some critical load components, such as 
torsional and transverse bending moments on multi-hull 
craft etc., are not directly related to the accelerations of the 
craft. The directly measured loads from a model test are 
essential for the purpose of assessing the design loads. 


LR Technical Association: Paper No. 2. Session 1997-98 


6 Acknowledgements 


The Authors would like to thank Mr D McLean of TPDD 
and Mr R J Rymill of CSD for their valuable comments to 
this Paper, and also to Mr A J Williamson, the Honorary 
Secretary of LRTA, for his help during the Paper’s 
preparation. 


31 


References 


Cheng, F., (1997), “Some Results from LR’s Open Water 
Model Experiments for High Speed Craft”, FAST 97, 
Sydney, Australia 


Chiu, F. and Fyjino, M., (1989) “Non-linear Prediction of 
Vertical Motions and Wave Loads of High Speed Vessels in 
Head Sea” 


CRS (1996) — NSMB Co-operative Research for Ships, ‘CAT’ 
Working Group, “Parameter Study  Seakeeping 
Characteristics of a Series of Large High Speed 
Catamarans”, Task II.2 


CRS (1997a) — NSMB Co-operative Research for Ships, 
‘CAT’ Working Group Report on Task II.3b and II4.a, 
“Report on CAT20 Seakeeping Analysis”, and “Report on 
Further Analysis on Loads” 


CRS (1997b) - NSMB Co-operative Research for Ships, 
‘PRECAL’ Working Group, “PRECAL V 2.0, User's 
Manual” 


CRS (1997c) - NSMB Co-operative Research for Ships, 
‘CAT’ Working Group, “Seakeeping Tests for the 123m 
Cargo Catamaran CAT20”, Task II.3 Experimental 
Parameter Study Seakeeping 


Downie, M.]., Graham, J.M.R. and Zheng, X., (1993) ‘The 
Influence of Viscous Effects on the Motion of a body 
Floating in Waves’, Transaction of American Society of 
Mechanical Engineers, Vol. 115, No.1 


Faltinsen, O.M. and Michelsen, F.C., (1974) “Motions of 
Large Structure in Waves at Zero Froude Number”, Int. 
Symp. Dynamics of Marine Vehicles and Structures in 
Waves, University College, London 


Faltinsen, O. and Zhoa, R., (1991) “Numerical Predictions of 
Ship Motions at High Speed”, Philosophical Transactions of 
the Royal Society, Series A 


Frank, W., (1967) “Oscillation of the Cylinders in or below 
the Free Surface of Deep Fluids”, NSRDC, Washington, 
D.C., Report 2375 


Gerritsma, J. and Beukelman, W., (1967) “Analysis of the 
Modified Strip Theory for Calculation of Ship Motions and 
Wave Bending Moments”, International Shipbuilding 
Progress, Vol. 14, No. 156 


Huang, Y., (1996) “Non-linear Ship Motions by a Rankine 
Panel Method”, Massachusetts Institute of Technology, 
Cambridge, USA 


Hughes, O. and Franklin, P., (1993) “Definition and 
Validation of a Practical Rationally-Based Method for 
Fatigue Analysis and design of Ship Hulls”, SNAME T&R 
Report No. R-41, Aerospace and Ocean Engineering 
Department, Virginia Tech. 


32 


Inglis, R.B. and Price, W.G., (1981) “The Influence of Speed 
Dependent Boundary Conditions in Three Dimensional 
Ship Motion Problems”, International Shipbuilding 
Progress, Vol. 28 


Inglis, R.B. and Price, W.G., (1982) “Three-Dimensional 
Ship Motion Theory — Comparison between Theoretical 
Predictions and Experimental Data of Hydrodynamic 
Coefficients with Forwards Speed”, Tran. RINA Vol. 124 


Ikeda, Y., Himena, Y. and Tanaka, N., (1978) “Components 
of Rolling Damping of a Ship at Forward Speed”, J. Soc., 
Naval Architecture of Japan, 143 


Jasper, N.H., (1956) “Statistical Distribution Patterns of 
Ocean Waves and Wave Induced Ship Stresses and Motions 
with Engineering Applications”, SNAME Transactions, Vol. 
64 


Kaplan, P., (1991) “Structural Loads on Advanced Vehicles, 
Including Effects of Slamming”, FAST’91, Trondheim 


Kaplan, P., (1996) “Computer Simulation/Prediction of 
Ship Motions and Loads in a Seaway”, Proceedings Int. 
Conference on Seakeeping and Weather 


Korvin-Kroukovsky, B.V. and Jacobs, W.R., (1957) “Pitching 
and Heaving Motions of a Ship in Regular Waves”, SNAME 
Transaction, Vol 65 


Lee, C.M., Jones, H.D. and Curphey, R.M., (1973) 
“Prediction of Motion and Hydrodynamic Loads of 
Catamarans”, Meeting of the Chesapeake Section of 
SNAME 


Lee, C.M. and Curphey, R.M., (1977) “Precaution of Motion, 
Stability and Loads of Small Water-Plan-Area, Twin-Hull 
Ships”, SNAME Transactions, Vol. 85 


Lewis, E.V., (1967) “Predicting Long Term Distributions of 
Wave Induced Bending Moment on Ship Hulls”, SNAME 
Proceeding, Spring Meeting, Montreal 


Lin, W.M., Meinhold, M., Salvensen, N., and Yue, D., (1994) 
“Large Amplitude Motions and Wave Loads for Ship 
Design”, Proceedings 20th Symposium on Naval 
Hydrodynamics, Santa Barbara, California 


MacGregor, J.R. McGregor, R.C., Miller, N.S. and Zheng X., 
(1988) ‘Computer Aided SWATH Design and Seakeeping 
Analysis’, 2nd Int. Conference on SWATH Ships and 
Advanced Multi-hulled Vessels, London 


Meyerhoff, W.K. and Schlachter, G., (1977) “An Approach 
for determination of Hull-Girder Loads in Seaway 
Including Hydrodynamic Impacts”, Ocean Engineering, 
Vol. 7, pp306-326, July 1977 


Nakos, D.E. Kring, D.C. and Sclavounos, P.D., (1993) 
“Rankine Panel Methods for Time-Domain Free-Surface 
Flows”, Proceedings, 6th Int. Conference on Numerical 
Ship Hydrodynamics 


LR Technical Association: Paper No. 2. Session 1997-98 


Nordenstrom, N., (1973) “A Method to Predict Long Term 
Distributions of Waves and Wave Induced Motions and 
Loads on Ships and Other Floating Structures”, Chalmers 
University of Technology, Div. Ship Design Rep. 
Gothenburg 


Ochi, M.K. and Motter, L.E., (1973) “Prediction of Slamming 
Characteristics and Hull Responses for Ship Design”, Trans. 
SNAME, Vol. 81 


St. Denis, M and Pierson, WJ., (1953) “On the Motions of 
ships in Confused Seas”, SNAME Transactions, Vol 61 


Salvesen, N., Tuck, E.O., Faltinsen, O., (1970) “Ship Motions 
and Sea Loads”, SNAME, Annual Meeting, New York 


Schlachter, G., (1989) “Hull Girder Loads in a Seaway 
Including Nonlinear Effects”, Schiffstechnik 36, pl69 


SSPA Marintime Consulting, (1995) ‘Bow Loads on Ro/Ro 
Ships’, Report 7315-1 


van't Veer, Riaan (1997), “Analysis of Motions and Loads on 
a Catamaran Vessel in Waves”, FAST97, Sydney 


Wagner, H., (1932) “ Landing of Seaplanes”, TN622, 
National Advisory Committee for Aeronautics 


Xia, J., Wang, Z., Cru, X., Shen, J. and Wu, Y., (1995) 
“Numerical Simulation of the Wave Induced Nonlinear 
Bending Moment of Ship”, Proceedings OMAE, Vol. II, 
Copenhagen, ASME, pp147-153 


Zhao, R., Faltinsen, O. and Aarsnes, J., (1996) “ Water Entry 
of Arbitrary Two Dimensional Sections with and without 
Flow Separation”, Proceedings, 21st ONR Symposium, 
Trondhein 


Zheng, X., (1988) ‘Prediction of Motion and Wave Loading 
of Mono and Twin Hull Ships in Waves’, Ph.D. Thesis, 
Department of Naval Architecture and Ocean Engineering, 
University of Glasgow, U.K. 


LR Technical Association: Paper No. 2. Session 1997-98 


33 


Appendix 1: Catalogue of 
Model Testing Facilities 


A1 | Australian Maritime College 
Ship Hydrodynamics Centre 
Australia 

Tel: 003 260 711 

Fax: 003 266 493 


Telex: AMC58827 


Newham Campus 
Launceston, Tasmania 7250 


Name of Facilities 


Towing Tank (1982) 


= 


| 


2 | Vienna Model Basin 

in Wien 
Brigittenauerlaende 256 
A-1200 Wien 

Austria 

Tel: (0222) 330 37 32 
Fax: (0222) 332 93 85 


Cavitation Tunnel 


Schiffoautechnische Versuchsanstalt 


anes Tank (1916) 


B1 | Ministry of the Flemish Community 
Flanders Hydraulic Laboratory 
Berchemlei 115 

B2140 Antwerpen-Borgerhout 
Belgium 

Tel: 32 3 236 18 50 

Fax: 32 3 235 95 23 


Instituto de Pesquisas 
Technologicas do Estado de Sao 
Paulo S.A, 


B3 | Bulgarian Ship Hydrodynamics 
Centre (BSHC) 


Fleet Technology, Ltd, 


Psi University of Ghent 

Department of Applied 
Mechanicss-Naval Architecture 
Technologiepark Zwijnaarde 9 

B 9052 Gent-Zwijnaarde, Belgium 
Tel: +32 9 264 55 55 

Fax: +32 9 264 58 43 


Cidade Universitaria 


05508-901 Sao Paulo - SP Brazil 
Tel: (011) 268-2211 

Fax: (011) 869-3353 or 869-2351 
Telex: (011) 83.144 or 80.934 


Varna,, 9003, Bulgaria 


Tel: 359 52 775180 
Fax: 359 52 772267 
Telex: 77497 BSHC BG 


311 Leggett Drive 
Kanata, Ontario 
K2K 1Z8 Canada 
Tel: (613) 592-2830 
Fax: (613) 592-4950 


Institute for Marine Dynamics 
(NRC) 


PO Box 12093 

Postal Station A 

St. John’s, Newfoundland 
Al B 3X5 Canada 

Tel: (709) 772-4939 


Armando de Salles Oliveira-Butanta 


Towing Tank (1988) 


Towing Tank for Manoeuvres in 


Shallow Water 


Towing Tank (1956) 
Cavitation Tunnel (1963) 


Deep Water Towing Tank (1976) 


Shallow Water Tank (1979) 
Seakeeping and Manoeuvring 
Tank(1979) 

Cavitation Tunnel (1976) 


Offshore Engineering Basin (1990) 


Ice Tank (1985) 

Towing Tank (1985) 

Low Temperature Materials Test 
Laboratory (1989) 

Cavitation Tunnel (1985) 


_| 


[oa Faculty of Engineering and 
A 


pplied Science 
Ocean Engineering Research 
Centre 


China Ship Scientific Research 
Center (CSSRC) 


Memorial University 

of Newfoundland 

St. John’s, Newfoundland 
A1B 3X5 Canada 

Tel: (709) 737-8804 

Fax: (709) 737-2116 
Telex: 016-4101 


Wave/Towing Tank (1977) 


P. 0. Box 116, Wuxi, Jiangsu 
China 214082 

Tel: 510-668012 

Fax: 510-601164 

Telex. 362016 CSSRC CN 


— 


Towing Tank (1965) 
Rotating Arm Facility (1968) 
Seakeeping Basin (197 1) 
Wind Tunnel (1970) 
Cavitation Tunnel (1973) 
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CS | Dalian University of Technology 
Research Institute of Naval 
Architecture 


|| Name of Organisation 


Dalian 116024, China 
Tel: (0411) — 471511 

Fax: (0411) — 471009 
Telex: 86231 DUT CN 


Towing Tank (1986) 
Coastal and Offshore Basin (1990) 


Name of Facilities 


[C6 Harbin Shipbuilding Engineering 
Institute 

Department of Naval Architecture 
and Ocean Engineering 


Wenmiao Jie. 11 /F 
Nanganggu Harbin, China 
Tel: 340010 

FAX 340010 


Towing Tank (1987) 
Circulating Water Channel (1982) 


[c7 | Huazhong University of Science 
and Technology (HUST) 


oo 


Wuhan, Hubei, China 
Tel: 870154-759 


towing Tank (1978) 
Manoeuvring Basin (1980) 
Wind Tunnel (1970) 
Slamming Tank (1983) 


C8 | Marine Design and Research 
Institute of China (MARIC) 


a 40131 HBHUT CN 


P.O. Box 002-053 
Shanghai 200002, China 
Fax: (846-21)3290929 
Telex: 33029 MARIC CN 


Towing Tank (1953) 
Cavitation Tunnel (1958) 
Wind Tunnel (1959) 
Manoeuvring Basin (1958) 
Wind, Wave and Current 
Basin (1985) 


BS 


[C9 Shanghai Jiao Tong University 


Ship Hydrodynamic Laboratory 


1954 Hua San Road 
Shanghai 200030. China 

Tel: 621-4310310-3140/3762 
Fax: 8621-4330892 


T Towing Tank (1958) 
Cavitation Tunnel (1977) 


C10] Shanghai Ship and Shipping 
Research Institute (SSSRI) 
Ministry of Communications 


200 Minsheng Road 
Shanghai, China 200030 


Telex: 33107 SSSRI CN 


Towing Tank (1982) 
Cavitation Tunnel (1985) 
Circulating Water Channel (1982) 


i 


C11 Wuhan University of Water 
Transportation Engineering 


Wuhan, Hubei 430063 China 
Tel: 661491 


came Towing Tank (1965) 
Wind Tunnel (1975) 


| 


Ship Hydrodynamics Laboratory Fax: 661491 Manoeuvring Basin (1981) 
Towing Tank (1984) 
Circulating Water Channel (1981) 
C12 | Brodarski Institute W. Froude 1. | Cavitation Tunnel No. 1A (1959, 
41000 Zagreb, Croatia. rebuilt 1979) 
Tel: 520-022 Cavitation Tunnel No. 1B (1959. 
Telex: 21435 rebuilt 1979) 


Cavitation Tunnel No. 2 (1959) 


D1 | Danish Maritime Institute 


Hjortekaersvej 99 

DK-2800 Ljungby. Denmark 
Tel: (45) 45 87 93 25 

Fax: (45) 45 87 93 33 


| Ship Manoeuvring Simulator 
Ship Model Basin 

Shallow Water Basin 

Cavitation Tunnel 

Wind Tunnel 


[Ft Ship Hydrodynamics 
Laboratory 


Helsinki University of 
Technology, Otakaari 4 
SF-02150 Espoo. Finland 
Tel: 358 0 451 3480 

Fax: 358 0 451 3419 

| Tax 12-1591 


Towing Tank (1973) 
Seakeeping and Manoeuvring 
Basin (1971) 


4 


F2 | Wartsila lcebreaking Model Basin 


Ls 


Oy Wartsila Ab Helsinki Shipyard 
Munkkisaarenkatu 2 

P.O. Box 132 

SF-00151 Helsinki, Finland 

Tel: 358 0 19414 

Telex: 12-1246 wht sf 


| Icebreaking Model Basin (1969) 
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8 Boulevard Victor 

75732 Pads Cedex 15, France 
Tel: 33 1 40 59 20 00 

Fax: 33 1 40 59 14 03 

Telex: 202 184 F NAVSTEC PARIS 


23 Avenue Andre Guillaumet 
31056 Toulouse, Cedex, France 
Tel: 48 80 40 

Telex: CEAT 531620 F 


Centre D’Essais Aeronautique de 
Toulouse (CEAT) 


Versuchsanstalt Fuer Wasserbau 
und Schiffoau VWS 
Berlin Model Basin 


G2_ | Hamburgische Schiffoau- 
Versuchsanstalt GmbH 


Mueller-Breslau-Strasse 
D-1000 Berlin 12 Germany 
Tel: (49 030) 31-84-1 

Fax: (49 030) 312 30 74 


Bassin D'Essais des Carenes 


Bramfelder Strasse 164 

P. 0. Box 60 09 29 

D22209 Hamburg 60, Germany 
Tel: (040) 6 92 03 0 

Fax: (040) 692 03345 

Fax: (040) 6 92 03 345 


Marquardter Chaussee 100 
D-1572 Potsdam, Germany 
TEL 49-0331-20 394 
Fax: 49-0331-20 586 


G3__| Schiffbau-Versuchsanstalt 
Potsdam GmbH 


G4 _ | Technische Universitaet Rostock Albert Einstein Strasse 2 
Fachbereich Maschinenbau und D 18051 Rostock, Germany 
Tel: 49 0381 44 05 327 


Fax: 49 0381 44 05 253 


Schiffstechnik 


Towing Tank No. 1 (1906) 

Towing Tank No. 2 (1950) 

Towing Tank No. 3 (1958) 

Small Seakeeping Tank (1935) 
Gyration Basin (1945) 

Cavitation Tunnel No 1 (1943) 
Cavitation Tunnel No 2 (1975) 

Small Cavitation Tunnel (PTH) (1975) 
Large Hydrodynamic Tunnel (GTH) 
Small Cavitation Tunnel (PTH) (1975) 
Large Hydrodynamic Tunnel (GTH) (1986) 


Aero-Hydrodynamic Tunnel (1978) 


Deep Water Tank SR | (1903) 
Shallow Water Tank SR 2 (1957) 
Hydraulic Laboratory WB 

Cavitation Tunnel KT (1959) 
Circulating Water Tunnel UT1 (1957) 
Circulating Water Tunnel UT2 (1974) 
Goliath Flume (1989) 


Large Towing Tank 

Small Towing Tank and Shallow 
Water Flow Channel 

Small Cavitation Tunnel 
Medium Cavitation Tunnel 
Large Cavitation Tunnel 

HYKAT — Hydrodynamics and 
Cavitation Tunnel (1990) 
Environmental Test Basin (1992) 
Ice Tank and Ice Laboratory 


Towing Tank (1958) 
Cavitation Tunnel (1971) 


Towing Tank (1961) 
Cavitation Tunnel (1963) 


i Department of Naval Architecture Indian Institute of Technology Towing Tank (1951) 
Kharagpur 721302, India 


Naval Science and Technological 
Laboratory 

Vigyan Nagar 

Visakhapatnam 530027, India 
Tel: 91 0891 58402 

Fax: 91 0891 59464 


Ship Research Division 

13 Central Water and Power 
Research Station 

Hydrodynamics Laboratory 


Government of India 
Khadakwasla, POONA 24, India 
Tel: 44 5550-51 

Fax: 0212-445628 

Telex: 0145-7390 


Faculty of Marine Technology — ITS 
Keputih, Sukolilo, Surabaya 60111, 
Indonesia 

Tel: (031) 597254, 597274 

Fax: (301) 597254, 597845 

Telex: 34224 


High Speed Towing Tank (1992) 


Towing Tank (1955) 


Towing Tank (1986) 
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Indonesian Hydrodynamic 
Laboratory Surabaya (LHI) 

JL. Hidrodinamika, (ITS-Surabaya) 
Sukolilo 

Tromol Pos 02 SB ITS-Surabaya 
60002, Indonesia 

Tel: (031) 5947602 

| Fax: (031) 5947548 


|__| Name of Organisation 


Agency for Assessment and Application 
of Technology (BPP Teknologi) 

BPP Teknologi Building ||, 15th Floor 
JL. M. H. Thamrin No. 8 

Jakarta 10340, Indonesia 

Tel: (021) 3169513 

Fax: (021) 3904537 335318 


Name of Facilities 


Towing Tank (1994) 
Manoeuvring Basin (1994) 
Cavitation Tunnel (1994) 


16 Istituto Policattedra di Ingegneria 
Navale 


Via Montallegro 1 
16145 Genova, Italy 


Tel: (010) 317 119, 313 085 


Towing Tank ( 1947-mod. 1979) a 
Circulating Water Channel (1953, 
Mod. 1979) | 


17 INSEAN 


—Tistituto Nazionale per Studi ed 
Esperienze di Architettura Navale 
Via di Vallerano No. 139 

00128 Rome, Italy 

Tel: 39 6 50299270 

Fax: 39 6 5070619 


Towing Tank No. 1 (1974) 
Towing Tank No. 2 (1976) 
Manoeuvring Basin (1953) 
Circulating Water Channel (1978) 


Fishing Boat and Instrument 
Division 

National Research Institute of 
Fisheries Engineering 


J3 | Hiratsuka Research Laboratories 
Fluid Dynamics Engineering 
Section 

Sumitomo Heavy Industries, Ltd. 


J4__| Hiroshima University 

Faculty of Engineering 
Department of Naval Architecture 
and Ocean Engineering 


J TAkashi Ship Model Basin Co., Ltd. 3-1 Kawasaki-cho, Akashi, Towing Tank (1971) eal 
Hyougo, 673, Japan 
Tel: (078) 922-1200 
Telex: 5628815 

[27 | Ebidal, Hasaki-Machi 


Kashima-Gun, Ibaraki 314-04, Japan 
Tel: (0474)44-4961 
Fax: (0474) 44-1875 


Yuhigaoka 63-30, Hiratsuka-shi 
Kanagawa 254, Japan 

Tel: (463) 21-8435 

Fax: (463) 21-8450 

Telex: 3882423 SSM J 


Towing Tank (1987) 
Circulating Water Channel (1989) 


Seakeeping and Manoeuvring 
Basin (1979) 


Kagamiyama 1-4-1 
Higashi-Hiroshima 724, Japan 
Tel: (0824) 22-7111 


Towing Tank (1982) 


Circulating Water Channel (1982) 


J5__| Kyushu University 
Department of Naval Architecture 


Té-10-71 Hakozaki, Higashi-ku 
Fukuoka 812, Japan 

Tel: (092) 641-1101 

Fax: (092) 632-1560 


Towing Tank (1927) 


Seakeeping and Manoeuvring 
Basin (1961) 


J6 | Meguro Model Basin 


The First Research Center 
The Technical Research and 
Development Institute 
Defense Agency 


o Nakameguro, Meguro-ku 
Tokyo 153, Japan 
Tel: (03) 3713-6111 


ieee Towing Tank (1958) 
High Speed Towing Tank (1958) 
Small Towing Tank (1956) 


= 


[J7 T Mitsubishi Heavy Industries, Ltd. 
Nagasaki R & D Center 
Nagasaki Experimental Tank 


5-717-1 FukahoRI-machi 
Nagasaki 851-03, Japan 
Tel: (0958) 34-2600 

Fax: (0958) 34-2605 
Telex: 0752451 MHINGA J 


t- 


Ice Model Basin (1986) 


Shallow Water Basin (1986) 
Seakeeping and Manoeuvring 
Basin (1972) 

Cavitation Tunnel (1960) 
Small Towing Tank (1943) 
Large Towing Tank (1943) 


}¥8 Titec Engineering and 1-50 Tsutsujigaoka 1 -chome Large Towing Tank (1978) 
Shipbuilding Co., Ltd. Akishima Laboratory Small Towing Tank (1978) 
Akishima-city, Tokyo 196, Japan Current Water Tank (1978) 
Tel: (0425) 45-3111 Circulating Water Channel (1970) 
Cavitation Tunnel (1984) 
Low-Speed Wind Tunnel (1978) 
lye Osaka University 23 Yamadaoka Suita Towing Tank (1970) 
Department of Naval Architecture Osaka 565, Japan Circulatiing Water Channel (1973) 
and Ocean Engineering Tel: (06) 877-5111 Manoeuvring Pond (1989) 
_| Fax: (06) 878-5364 [Small Tank (1980) | 
LR Technical Association: Paper No. 2. Session 1997-98 37 


Research Institute 
Ishikawajima-Harima Heavy 
Industries, Co,, Ltd. 


Research Institute for Applied 
Mechanics, Tsuyazaki Sea 
Safety Research Laboratory 
Kyushu University 


Ship Research Institute 
Ministry of Transport 


Shipbuilding Research Center 
of Japan 


Tsu Laboratories, NKK Co., Ltd. 


University of Osaka Prefecture 
Department of Naval Architecture 
College of Engineering 


University of Tokyo 
Department of Naval Architect 
and Ocean Engineering 
Faculty of Engineering 


1, Shin-Nakahara-cho, Isogo-ku 
Yokohoma, 235, Japan 

Tel: (045) 759-2080 

Fax: (045) 759-2185 


6-1 Kasuga-Koen, Kasuga, 
Fukuoka 816, Japan 

Tel: (092) 573-9611 

Fax: (092) 592-4832 


38-1, 6-chome, Shinkawa 
Mitaka, Tokyo, Japan 
Tel: (0422) 45-5171 


1-3-8 Mejiro, Toshima-ku 
Tokyo 171, Japan 

Tel: (03) 3971-0266 
Telex: 272-2255 


1 Kokan-cho, Kumozu, Tsu-city 
MIE-PREF, Japan 

Tel: (0592) 46-3016 

Fax: (0592) 46-2790 


4-804 Mozu-Umemachi, Sakai 
Osaka 591 Japan 
Tel: (722) 52-1161 


7-3-1 Hongo, Bunkyo-ku 
Tokyo 1 1 3, Japan 

Tel: (03) 3812-2111 

Fax: (03) 3815-8364 


Towing Tank (1966) 

Seakeeping & Manoeuv.Basin (1975) 
Hydraulic Channel No 1(1971) 
Hydraulic Channel No 2(1971) 
Cavitation Tunnel No 1 (1959) 
Cavitation Tunnel No 2 (1979) 
Circulating Water Channel (1983) 

Ice Model Tank (1991) 

Manoeuvring Simulator 


Towing and Seakeeping Tank (1963) 
Circulating Water Channel (1986) 


No. 1 Ship Model Tank (1958) 
No. 2 Ship Model Tank (1965) 
No. 3 Ship Model Tank (1972) 
Oscillation Tank (1966) 
Offshore Structure 
Experimental Basin (1978) 
Rotating Arm Tank (1942) 
Large Cavitation Tunnel(1975) 
Ice Model Basin 


Towing Tank No. 1 (1927) 
Towing Tank No. 2 (1941) 
Cavitation Tunnel (1974) 
Depressurized Circulating Water 
Channel (1978) 


Ship Model Basin (1977) 
Circulating Water Channel 
Wave Flume 

Ice Model Basin (1982) 


Towing Tank (1949) 
Circulating Water Tank (1972) 


Towing Tank (1937) 

Seakeeping Basin (1942) 

High Speed Cavitation Tunnel (1967) 

T. E. Type Cavitation Tunnel (1977) 
Marine Propeller Cavitation Tunnel (1980) 


Yayoi-cho, Chiba 280, Japan Seakeeping and Manoeuvring 
Tel: (0472) 51-3516 Tank(1969) 


17 | Yokohama National University 
Department of Naval Architecture 
and Ocean Engineering 


J 
J 
J 


Nagasaki Institute of Applied 
Sciences 

Institute of Marine Science and 
Technology 

Faculty of Mercantile Marine 


Science 


J Faculty of Mercantile Marine 
Science 


18 
19 
20 


Tokiwa-dai, Hodogaya-ku 
Yokahama 240, Japan 
Tel: (045) 335-1451 

Fax: (045) 33 -0496 


536 Aba-Machi, Nagasaki, Japan 
Tel: (0958) 393111 
Fax: (0958) 383548 


Tokyo University of Mercantile Marine 
2-1-6 Etchujima, Koto-ku, Tokyo 135 
Japan 

Tel: (03) 5245-7300 


Kobe University of Mercantile Marine 


5-1-1 Fukaeminamimuchi, Higashinada, 


Kobe 658, Japan 
Tel: (078) 431-6200 
Fax: (078) 431-6365 


Towing and Seakeeping Tank (1977) 
Circulating Water Channel (1991) 


Towing Tank (1985) 
Circulating Water Channel (1965) 


Towing Tank (1981) 
Circulating Water Channel (1966) 


Towing Tank (1973) 
Circulating Water Channel (1973) 
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___| Name of Organisation 


K1__| Hyundai Maritime Research 
Institute (HMRI) 


1, Cheonha-dong, Dong-ku 
Ulsan 682-792, Korea 

Tel: (0522) 30-2070 

Fax: (0522) 32-0205 

Telex: HHIYARD K52452 


Name of Facilities 


Towing Tank (1984) 
Cavitation Tunnel (1984) 
Circulating Water Channel (1984) 


Z 


linha University Towing Tank 
Department of Naval Architecture 
and Ocean Engineering 


K2 


aa 


253 Youghyun-Dong, Nam-ku 
Incheon 402-751, Korea 

Tel: (032) 860-7330 

Fax: (032) 864-5850 


Towing Tank (1971) 


K3 ices Research institute of Ships 
and Ocean Engineering (KRISO) 


Daeduk Science Town, P. O. Box 1 
Taejon, Korea 

Tel: (042) 861-7401 

Fax: (042) 820-7711 

Telex: KRISROK K45504 


| Towing Tank (1978) 
Cavitation Tunnel (1982) 


K4 | Pusan National University, 
Department of Naval Architecture 


30 Changjon-Dong, Kumjong-ku 
Pusan, Korea 
Tel: (051) 510-1424 


pee (051)512-8836 


Towing Tank No. 1 (1974) 
Circulating Water Channel No. 2 (1991) 


KS | Seoul National University 


Department of Naval Architecture 


Shinrim-dong, Kwanak-ku 
Seoul 151-742, Korea 
Tel: 82-2-880-7320, 7323 
Fax: 82-2-888-9298 
Telex: SNUROK K29664 


Towing Tank 


K6_ | Advanced Fluid Engineering 
Research Center 
Department of Mechanical 
Engineering, POSTECH 


TRO, Box 125 


Pohang 790-600, Korea 
Tel: 82-562-79-5900 
Fax: 82-562-79-3199 


K7 Chungnam National University 


Department of Naval Architecture 
and Ocean Engineering 
College of Engineering 


=f 


=a 


Tel: (042) 821-6621 
Fax: (042) 823-5437 


N1_ | Delft Ship Hydromechanics 
Laboratory 


Delft University of Technology 
Mekeiweg 2 

2628 GA Delft, The Netherlands 
Tel: 31-15-783598 

Fax: 31-15-781836 


Daeduk Science Town 305-764, Korea Circulating Water channel (1990) 


Towing Tank No. 1 (1954/1961) 


Wave Tank (1991) 
Subsonic Wind Tunnel (1991) 
Circulating Water Channel (1991) 


Towing Tank No. 2 (1954/1971) 
Cavitation Tunnel (1954/1961) 


N2 | Maritime Research Institute 
Netherlands (MARIN) 


| Haagsteeg 2, PO Box 28 


6700 AA Wageningen, 
The Netherlands 

Tel: (31) 317 493911 
Fax: (O91) 317 493245 


Deep Water Towing Tank (1932/1951) 
Basin for Unconventional Maritime 
Construction — High Speed Basin 
(1965) 

Shallow Water Basin (1958) 


= 


Telex: 45148 Seakeeping Basin (1956) 
Wave and Current Seakeeping 
and Manoeuvring Basin (1965) 
Large Cavitation Tunnel (1941) 
i Cavitation Tunnel with Flow 


Regulator (1956) 
High Speed Cavitation Tunnel (1965) 
Ship Manoeuvring Simulator 


N3_ | MARINTEK 


~ | PO Box 4125, Valentinlyst 


N-7002 Trondheim, Norway 
Tel: 47 73 59 55 00 
Fax: 47 73 59 57 76 


Towing Tank No, | (1939) 
Towing Tank No. II (1939) 
Towing Tank No. Ill (1979) 
The Ocean Basin (1980) 
Cavitation Laboratory (1967) 


P1 | Ship Hydromechanics Division 


Ship Design and Research Centre 
Waly Piastowskie 1 
80-958 Gdansk, Poland 


Tel: 316946 


_| Fax: 313935 


Towing Tank No. 1 (1973) 
Towing Tank No. 2 (1972) 
Cavitation Tunnel (1978) 


ha | 
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Krylov Shipbuilding Research 
Institute 


Canal de Experiencias 
Hidrodinamicas De El Pardo 


Swedish Maritime Research 
Centre 
SSPA Maritime Consulting AB 


Ata Nutku Ship Model Testing 
Laboratory 


Experimental and Electronic 
Laboratories 


University of Glasgow 


Defense Research 
Agency Haslar 


Department of Naval 
Architecture and Shipbuilding 


Vosper Thornycroft (UK) Ltd. 


196158, St. Petersburg, 
Russian Federation 
Tel: 812 127-93-48 
Fax: 812 127-93-49 


Carretera de la Sierra S/N 
28048 El Pardo, Madrid, Spain 
Tel: 34 1 376 02 08 

Fax: 34 1 376 01 76 


Box 24001 

S-400, 22 Gothenburg, Sweden 
Tel: 46 31 772 9000 

Fax: 46 31 772 9124 


ITU Naval Architecture and Ocean 
Engineering Faculty 

Ayazaga Kampusu 

80626, Istanbul, Turkey 

Tel: 90 1 1766464 

Fax: 90 1 1766454 

Telex: 28186 ITU-TR 


Westland Aircraft Corporation 
(Formerly British Hovercraft 
Corp., Ltd.), East Cowes, 

Isle of Wight 

PO32 6RH, England 

Tel: 0983-294161 

Telex: 86131 


Department of Naval Architecture 
and Ocean Engineering 

Glasgow G12 8QQ, Scotland 
Tel: 041 330 4322 

Fax: 041 330 591 7 

Telex: 777070 


Haslar, Gosport 
Hants PO12 2AG 
United Kingdom 
Tel: 0705 529 102 
Fax: 0705 511 695 


University of Newcastle upon Tyne 
Newcastle upon Tyne NE | 7RU 
United Kingdom 

Tel: 0101-91-222-6749 

Fax: 0101-91-261-1182 


Paulsgrove, Portsmouth 

PO6 4QA United Kingdom 
Tel: COSHAM (0705) 379 481 
Telex: 86115 


Towing Tank No. 1 (1891) 

Towing Tank No. 2 (1950) 

Towing Tank No. 3 (1965) 

Shallow Water Towing Tank (1950) 
Seakeeping Basin (1967) 
Seakeeping/Manoeuvring 

Basin (1959) 

Circulating Basin 

(Rotating arm) (1965) 

Small Cavitation Tunnel (1933) 
Medium Cavitation Tunnel (1956, 
mod. 1976) 

Large Cavitation Tunnel (1961) 
High-speed Cavitation Tunnel (1959) 
Cavitation Tunnel for Special 
Propulsors (1961) 

Hydrodynamic Tunnel (1970) 
Cavitation Basin (1962) 


Calm Water Towing Tank (1934) 
Ship Dynamics Laboratory (1992) 
Cavitation Tunnel (1950) 
Manoeuvring Pond 


Towing Tank (1940) 

Cavitation Tunnel No. 1 (1957) 
Cavitation Tunnel No. 2 (1970) 
Maritime Dynamics Laboratory (1979) 


Towing Tank (1988) 
Covitation Tunnel (1975) 
Circulating Water Channel (1978) 


Towing Tank No. | (1946) 
Towing Tank No. 2 (1956) 
Towing Tank No. 3 (1972) 
Towing Tank No. 4 (1968) 
Manoeuvring and Seakeeping 
tank (1950) 

Water Tunnel (1957) 


Towing Tank (1963) 


Ship Tank No. 2 
(1931/1984/1995) 

Manoeuvring Tank (1957) 

No. 2 Cavitation Tunnel (1957) 
Circulating Water Channel (1971) 


Towing Tank (1951) 
Cavitation Tunnel! (1979) 


Cavitation Tunnel (1956) 
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Name of Organisation 


Department of Ship Science 


University of Southampton 
Southampton SO9 5NH 
United Kingdom 

Tel: 0703 592 316 

Fax: 0703 593 017 

Telex: 47661 


Name of Facilities 


Towing Tank (Austin Lamont) 
Towing Tank (S.1.H.E,) 
Anechoic Water Tank 
(ISVR/A.B.Wood Laboratory) 


| Department of Ship and Marine 
Technology 


| University of Strathclyde 


100 Montrose Street 

Glasgow G4 OLZ, Scotland 
Tel: (0141) 552 4400 Ext, 3311 
Fax: (0141) 552 2879 


Denny Tank (1883) 
Seakeeping Tank with underwater 
Carriage (1987?) 


Applied Research Laboratory 
Fluid Dynamics Department 


The Pennsylvania State University 
P. O. Box 30 

State College, PA 16804 USA 
Tel: (814) 863 3001/863-3027 
Fax: (814) 865 3287 


Cavitation Tunnel 

(Garfield Thomas 1949) 
Cavitation Tunnel (1951) 
Cavitation Tunnel (1962) 
Ultra-High Speed Cavitation 
Tunnel (1960) 

Subsonic Wind Tunnel (1953) 
Cascade Facility (1968) 
Boundary Layer Research 
Tunnel (1961) 

Axial Flow Research Fan (1971) 


: = 


Flow-through Anechoic 
Chamber (1988) 

Quiet Wall Jet Facility 

High Reynolds Pump Facility 


The Offshore Model Basin 
(Formerly Arctec Offshore 
Corporation) 


0] David Taylor Model Basin 
Carderock Division NSWC 


oO 


578 Enterprise Street 
Escondido, CA 92025 USA 
Tel: 619 737 8850 

Fax: 619 737 8545 


=| 


Bethesda, MD 2008-5000 USA 
Tel: (801) 227 1578 


Fax: (301) 227 3679 


Towing Carriage No. 1 (1941) 
Towing Carriage No. 2 (1947) 


Deep Tank (1969) 


Towing Carriage No. 3 (1941, 
Mod. 1973-74) 

Towing Carriage No. 5 (1947) 
Towing Carriage No. 6 (1980) 
140 foot Towing Basin (1941) 
Maneuvering and Seakeeping 
Basin (1961) 

Rotating Arm Basin (1961) 


Large Cavitation Channel (1991) 
Circulating Water Channel (1944) 
36-inch Var. Press. Cavitation 
Tunnel (1962) 

24-inch Var. Press. Cavitation 
Tunnel (1940) 

12-inch Var. Press. Cavitation 
Tunnel (1929) 

Low Velocity Flow Facility 

(1967, mod. 1975-76) 


+ 


eee! Turbulence Wind Tunnel (1953) 


| Anechoic Flow Facility (1971) 
2.5 x 3 m Subsonic Wind Tunnel (1943) 


i 


Davidson Laboratory 


Stevens Institute of Technology 
Castle Point Station 

Hoboken, NJ 07030 USA 

Tel: (201) 420 5345 

Fax: (201) 420 5714 


Tank No. 3 Towing Tank (1943) 
Tank No. 2 Rotating Arm and 
Seakeeping Facility (1942) 


U12] Hydronautics Research, Inc. 


| 7210 Pindell School Road 


Fulton, MD 20759 USA 
Tel: (801) 369 4201 
Fax: (301) 470 3427 


Hydronautics Ship Model Basin 
HSMB (1968) 

Variable Pressure Free Surface 
High Speed Channel HSC (1962) 
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U13] lowa Institute of 
Hydraulic Research 


Ocean Engineering Testing 
Tank Facility 


Offshore Technology 
Research Center 


Ship Hydrodynamics Laboratory 


School of Naval Architecture and 
Marine Engineering 


US Army Cold Regions Research 
and Engineering Laboratory 


Hydromechanics Laboratory 


Department of Naval Architecture 
and Offshore Engineering 


42 


The University of lowa 
lowa City, IA 52242 USA 
Tel: (819) 335 5237 

Fax: (319) 335 5238 
Telex: 756569 


Massachusetts Institute of Technology 
Cambridge, MA 02139 USA 
Tel: (617) 253 4348 


1200 Madner Ddve 

Texas A & M Research Park 

College Station, TX 77845-3400 USA 
Tel: (409) 845 6000 

Fax: (4039) 845 9273 


The University of Michigan 

126 West Engineering Building 
Ann Arbor, MI 48109-109 USA 
Tel: (313) 764 9432 

Fax: (313) 763 3488 


The University of New Orleans 
FN 911 Lakefront Campus 
New Orleans, LA 70148 USA 
Tel: (504) 286 7180 

Fax: (504) 286 7413 


72 Lyme Road 

Hanover, NH 03755-1290 USA 
Tel: (603) 646 4100/4378 

FAX (603) 646 4278/4477 
Telex: (710) 366 1826 


U.S. Naval Academy 
Annapolis, MD 21402 USA 
Tel: (301) 267 3361 


University of California 
Berkeley, CA 94720 USA 
Tel: (510) 642 5464 

Fax: (510) 642 6128 


Towing Tank 
Ice Towing Tank 


MIT Towing Tank (1951) 


Deep Water Multi-directional 
Wave Model Basin (1991) 


Model Basin (1905, remodelled 
1962,1980,1990) 

Low Turbulence 

Water Channel (1992) 
Gravity-Capillary Wave Tank (1977?) 


Towing Tank 


Ice Test Basin (1976) 
Ice Flume (1976) 
Ice Hydraulics Research Area (1976) 


128m High Performance 

Towing Tank(1979) 

36.6 m Towing Tank (1976) 
Circulating Water Channel (1977) 


Towing Tank (1954) 


LR Technical Association: Paper No. 2. Session 1997-98 


< 
> 


LR Technical Association 


Emergency Towing Arrangements 


Plan Approval 


by V. A. Crockett 


ee 
z NO, LS 
Paactor Paper No 3 
2 ere 
NEGO Session 1997-1998 


Da , : 
Ted GOCatalogue No.: 


The author of this paper retains the right of subsequent 
publication, subject to the sanction of the Committee of 
Lloyd's Register of Shipping. Any opinions expressed and 
statements made in this paper and in the subsequent 
discussions are those of the individuals and not those of 


Lloyd's Register of Shipping. 


Written contributions to the discussion of this paper are 
invited from members of the Lloyd’s Register Technical 
Association. To ensure inclusion in the discussion paper, 
the contributions should be received by the Hon. Secretary 
in London not later than 28th February 1998. 


© Lloyd’s Register of Shipping 1997. All rights reserved. 
Except as permitted under current legislation no part of 
this work may be photocopied, stored in a retrieval 
system, published, performed in public, adapted, 
broadcast, transmitted, recorded or reproduced in any 
form or means, without the prior permission of the 


copyright owner. 


Enquiries should be addressed to Lloyd’s Register of 
Shipping, 71 Fenchurch Street, London EC3M 4BS, 
England. 


HONORARY SECRETARY, LR TECHNICAL ASSOCIATION 
A. J. Williamson 
71 Fenchurch Street, London EC3M 4BS 


e Emergency Towing Arrangements 
Plan Approval 


by V. A. Crockett 


On graduating from Southampton University Victor Crockett joined LR in 1990 asa 


in 1982 Victor Crockett joined Yarrow Surveyor in CSD/CSS. For six months he 
Shipbuilders in Glasgow as a design Engineer worked in the Small Ship and Existing Ship 
and spent five years working on the Type 23 sections before transferring to the Tanker 


Frigate and other military vessels. In 1987 he Section where he has remained, except for 
left Yarrows to work for a British Shipbuilders a short two month temporary posting to 
Constancy based in Dundee where he spent LR Singapore. 

three years working on the initial design of 

small tugs, supply boats and fishing vessels. 


Table of Contents 


1 Introduction 

2 Background to the Formulation and Implementation of MSC 35(63) 
| The Braer Incident 
2.2 The MSA Report 
2.3 The Donaldson Report 

3 Application of MSC 35(63) 

4 Emergency Towing Equipment 


4.1 Pick-up Gear 
4.1.1 Requirements 
4.1.2 Messenger 
4.1.3 Marker Buoy 
és 4.2 Towing Pennant 
4.2.1 Steel Wire Rope 
4.2.2 Fibre Rope 
4.3. Chafing Chain 
4.3.1 Pear Shaped End Links 
4.4 Fairlead 
4.5  Strongpoint 
4.6 Roller Pedestal 
5 LR Approval Procedure 
6 Strength Requirements 
6.1 Minimum Safe Working Loads 
6.2 Component Failure 
6.3. Component Testing 
6.4 Ships Structure 
7 Strength Testing/Certification 
7.1 General 
7.2 Finite Element Modelling 
7.3. Towing Pennants and Fittings 
8 Deployment 
8.1 Requirements 


© 8.2 Deployment Tests 


LR Technical Association: Paper No. 3. Session 1997-98 1 


9 Types of Emergency Towing Systems Submitted for Type Approval 
9.1 Systems for Stowing the Towing Pennant 
9.1.1 Stowage Reels with Vertical Axles 
9.1.2 Stowage Reels with Horizontal Axles 
9.1.3 Spools 
9.1.4 Faked Systems 
9.2 Separate Strongpoints 
9.2.1 Smit Brackets 
9.2.2 Chain Stoppers 
9.3. Combined Strongpoints and Fairleads 
9.3.1 General 
9.3.2 Hinged and Pivoted 
9.4 Separate Strongpoints 
9.4.1 Bulwark Mounted Fairleads 
9.4.2 Deck Mounted Fairleads 
9.5 Systems without a Towing Pennant 
10 Approval of Ships Structure in way of Emergency Towing Arrangements 
11 Special Considerations for Systems which Incorporate a Deck or Shell Penetration 
12 Emergency Towing Systems for Ships below 20000 Tonnes DWT 
13 Alternative uses of Emergency Towing Ships 
13.1 Use as Fittings for Towing other Ships 
13.2 For Dual Use with a Single point Mooring 
14 Special Procedures where LR is not Authorised to Issue the SAFCON Certificate 
15 Dynamics of Drifting Oil Tankers 
16 Conclusion 
17 Acknowledgements 


References 

Appendix A - MSC 35(63) 

Appendix B - RES. A535(13) 

Appendix C - Table of Type Approved Components 


LRI 


1. Introduction 


“When the army engages in protracted campaigns, the resources 
of the state will not suffice. When the army is exhausted and its 
morale sinks and your treasure is spent rulers of other states will 
take advantage of your distress and act. Then, even though you 
have wise councillors, none will be able to make good plans for the 
future. Thus, though we have heard of excessive haste in war, we 
have not yet seen a clever operation that was prolonged.” 


"Those adept in waging war do not require a second levy of 
conscripts or more than two provisioning’s." 
Sun Tzu - About 500 BC 


It may seem strange to start a technical paper about a small 
component on a ship with a quote from a Chinese general 
who died two and a half thousand years ago and fought all 
of his documented battles with both feet firmly placed on 
the ground. However, Sun Tzu's Art of War is more than 
just a military manual, its tactics for winning are applied in 
the fields of economics, banking, labour relations, 
management and political campaigning, just to mention a 
few. It is well known that Lloyd’s Register has a mission 
statement, or objective. It is perhaps less well known that 
the mission statement or objective is one of the generally 
recognised principles of warfare; others include, the 
offensive, surprise, security, unity of command, economy of 
force, mass, manoeuvre and the defence. Most are 
interdependent. It may be of interest, as you read this 
Paper, to consider which of these principles is being 


addressed. 


When disaster strikes at sea it does become a battle between 
man and the elements and the longer the battle lasts, the 
less likely is it for man to be the winner. Hence the reference 
to the two quotes above which can be more simply 
expressed as " get it over with as quickly as possible. " 


An emergency towing arrangement is a system fitted to a 
tanker which allows an attending tug to establish a tow and 
take charge of the drifting ship, as quickly as possible, even 
if it has been abandoned by its crew. Thereby meeting the 
strategic objective described by Sun Tzu. 


And so in January of 1993, it was the lack of time available, 
once the STAR SIRIUS had intercepted the tanker BRAER, 
which lead to the tanker running aground off the Shetlands. 
As a result of various investigations and the deliberations 
of the IMO which followed, it was agreed that by the 
Ist January 1999 all tankers over 20,000 tonnes deadweight, 
both existing and new, should be equipped with an 
emergency towing arrangement. Although a statutory 
requirement, most of the flag administrations have 
devolved responsibility for ensuring that suitable systems 
are correctly fitted to the classification societies. 


Faced with a general statutory requirement for the strength 
and arrangement of these systems, it was felt by LR that a 
more specific and detailed set of guidance notes was 
required to ensure that a consistent standard was applied 
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by LR worldwide. This resulted in the drafting and issuing 
of the Marine Division Technical Notice No 96/023/C on 
the 16th September 1996. 


This Paper starts by describing the loss of the BRAER and 
then expands on LR’s guidance notes for emergency towing 
arrangements, describing in some detail how key aspects 
like the acceptance stresses associated with the applied 
loads were derived. The Paper goes on to describe some of 
the basic generic systems available for fitting to tankers and 
considers additional aspects which have developed as a 
result of applying the requirements of MSC 35(63). 


2 Background to the 
Formulation and 
Implementation of 
MSC 35(63) 


2.1 The Braer Incident 


The following account of the loss of the BRAER, an 89730 
tonne deadweight tanker, is based on the subsequent report 
of the Chief Inspector of Marine Accidents. 


At 0515 hours on the morning of the 5th of January 1993, 
the Aberdeen Coastguard received the following message 
from the tanker BRAER: 

"We are a loaded tanker with 34 persons on board broken 
down in position 59 degrees 41 minutes North, 1 degree 17 
minutes West. We have no main engines and no emergency 
power other than battery. | am not in any immediate 
danger. I intend to contact my owner in New York — B+H 
Ship Management (telex and telephone numbers were 
included). After that | come back to you through the Wick 
radio. This call just to alert you to the problem." 


At this time, the BRAER was approximately 10 nautical 
miles south of and drifting towards Sumburgh head (the 
most southerly part of the Shetlands) under the influence of 
wind and tide at an estimated speed of 2 knots. 


0526 hrs — The Shetland Coastguard received a request 
(from the BRAER) to arrange a tug. However, because 
of communications difficulties between the ship and 
the owners in the USA, it was not until 0548 hrs that the 
Coastguard notified the Sullom Voe Port Control that they 
might be required to provide tugs. 


0609 hrs — The Coastguard received authorisation from the 
owners of the BRAER to deploy a tug to assist the stricken 
ship. The Coastguard informed the Sullom Voe Port 
Control that they required a tug at 0610 hrs. At this time the 
tanker was six miles south of Sumburgh head. The 
Coastguard also informed the ship of the actions which 
were in hand and recommended that the master declare a 
PAN PAN situation and consider evacuating non-essential 
crew members (a PAN PAN is only superseded by a 
MAYDAY). 


0623 hrs — The Coastguard contacted the Lerwick Port 
control and enquired if the Lerwick based tug the KEBISTER 
was available to provide assistance to the BRAER until the 
tugs deployed from Sullom Voe could arrive on the scene. 
The Lerwick Harbour Master advised that the sea 
conditions were too rough to deploy the KEBISTER, 
however, the STAR SIRIUS, an anchor handling tug /offshore 
supply ship could be made available. 


0629 hrs — The PHILWORTH, a fishing boat requested to 
stand by the BRAER, reported that the vessel was 5.2 
nautical miles from Sumburgh head. 


0630 hrs — The Shetland towage company at Sullom Voe 
advised that their tug the SWAABIE was preparing to set 
out to sea but that her estimated time of arrival at the 
BRAER was between 1030 and 1130 hrs. 


0634 hrs — Lerwick Port Control advised that the STAR 
SIRIUS was preparing to depart to provide assistance to the 
BRAER. 


0640 hrs — The helicopter R117 arrived at the location of the 
BRAER to commence evacuation operations. It was 
reported that the BRAER was rolling heavily in very heavy 
seas and that the wind was gusting in excess of 65 knots. 
As the deck forward of the superstructure was frequently 
awash, it was decided to evacuate the crew from the stern. 


0736 hrs — The STAR SIRIUS departed Lerwick. She was 
expected to arrive on the scene within two to two and a half 
hours i.e. between 0936 and 1006 hrs. 


0815 hrs — The tug SWAABIE left Sullom Voe, followed 
fifteen minutes later by the tug TIRRICK. 


0827 hrs - The master decided to abandon the BRAER. At 
this time she was reported to be one mile southwest of 
Sumburgh Head. 


0935 hrs — The STAR SIRIUS had arrived on the scene and 
was half a mile away from the casualty. At this time the 
weather forecast predicted a severe gale force 9 for the next 
18 hours, veering south-west and increasing to storm force 
10 gusting to 12 (hurricane force). The BRAER herself was 
reported to be three quarters of a mile from Horse Island 
and closing with it. 


1010 hrs — It was explained to the master of the BRAER, 
now ashore at Sumburgh Airport, that a tug was attending 
the ship and that an attempt was going to be made to attach 
a tow. Furthermore some members of the crew would be 
required to re-board the vessel and assist in the operation. 
The master agreed that five members of his crew and two 
marine pilots could be landed on the ship. 


1051 hrs — The helicopter R117 with four crew members and 
two marine pilots reported that they had just started their 
engines and were about to proceed to the BRAER. 


1052 hrs — The Coastguard received a report from the STAR 
SIRIUS that the BRAER had passed Lady's Holm and was 
drifting towards Garths Ness on the west side of the Bay of 
Queendale. It was estimated that she would ground on 
Garths Ness within thirty minutes. 


The helicopter successfully transferred her passengers to 
the stern of the BRAER. It took two attempts to pass a light 
line by rocket from the STAR SIRIUS to the BRAER. A rope 
messenger had been made fast to the rocket line and was 
being passed from the STAR SIRIUS to the BRAER with the 
intention of securing it to one of the mooring ropes and 
using the winch power on the STAR SIRIUS, to pull the 
mooring wire to the tug and establish a tow. However, 
when the messenger was half way between the two vessels, 
the action of the sea pulled the line from the hands of the 
three men working it. About a minute later a large wave 


LR Technical Association: Paper No. 3. Session 1997-98 


Figure 1 
The tanker Braer 


lifted the stern of the BRAER and the vessel landed heavily 
on the rocks on the west side of Garths Ness, all the men 
who had returned to the ship were successfully recovered 
by helicopter. Figure 1 shows the BRAER shortly after she 
ran aground. 


It is estimated that at least one hour and twenty minutes 
elapsed between the STAR SIRIUS arriving on the scene 
and the helicopter returning to the BRAER with the 
personnel required to assist in establishing a tow. 


2.2 The MSA Report 


As a result of his investigation into the BRAER disaster, the 
Chief Inspector of Marine Accidents made the following six 
recommendations: 

1. The Marine Directorate of the Department of Transport 
should, through the International Maritime Organisation 
(IMO), seek to ensure that the revision and strengthening 
of the Standards of Training, Certification and Watch 
keeping Convention (STCW ), now in hand under an 
accelerated procedure, lay stress on the need for practical 
experience, training and thorough assessment of 
competence in seamanship in the widest sense of the 
term. Flag states accepting the certificates of other 
administrations should take care to ensure that these 
matters have been properly addressed. 
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The provisions of the International Management Code 
for the Safe Operation of Ships and for Pollution 
Prevention (the International Safety Management 
(ISM) Code) recently adopted by the IMO should be 
implemented by the shore management of shipping 
companies as a matter of urgency before they become 
mandatory. The International Chamber of Shipping 
(ICS) and the International Shipping Federation (ISF), 
who have published guidelines on the application of 
the Code, should encourage implementation by their 
members by every means possible. 

3. The Marine Directorate of the Department of 
Transport should undertake research into the 
feasibility of methods enabling the controlled and safe 
lowering of anchors from the housed position into 
deep water to the full scope of the anchor cables and 
without the need for power. If any methods are 
considered feasible a requirement for fitting them 
should be pursued through the International 
Maritime Organisation (IMO). 

4. The Maritime Directorate of the Department of 

Transport should, through the IMO, seek to ensure that 

the revision of Resolution A.535(13) (Provision of 

Emergency Towing Equipment for Tankers) currently 

underway also incorporates provisions for safe access 

to the anchors from the after superstructure of tankers. 

The Maritime Safety Committee of IMO should be 

urged to give urgent priority to the completion of the 

review and revision of the Resolution, with a view to 
making the requirements mandatory by an amendment 
to Chapter V of the 1974 SOLAS Convention. 

The Maritime Directorate of the Department of 

Transport should ensure that HM Coastguard, on 

receipt of a request for towage assistance from any 

vessel carrying petroleum or dangerous cargo, relay 
and promulgate the request immediately by all means 
of communication. This action should be taken 
whether or not the vessel has declared an Urgency 

Situation. 

6. The Marine Directorate of the Department of Transport 

should take the necessary steps to allow the 

intervention powers of the Secretary of State for 

Transport under the prevention of Oil Pollution Act 

1971, which are delegated to the Director Marine 

Emergencies Organisation (DMEO) alone, to be 

delegated further. This should be two-fold. Firstly they 

should be delegated to the DMEO's deputy to allow 
for circumstances when the DMEO is not available. 

Secondly the DMEO, or in his absence his deputy, 

should be able to delegate the powers to a senior 

officer of the department of transport located in the 
area of the incident when local knowledge might result 
in a faster response to the emergency. 
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Although the recommendations appear to have had little 
impact on the development of the emergency towing 
arrangements as required by MSC 35(63), the BRAER 
incident does highlight how time can run out very quickly 
in an emergency situation, and that there is a real 
requirement to be able to establish a reliable tow very 
quickly. 


These recommendations are of interest in so far as they 
highlight other aspects of tanker operations which may be 
subject to changes in statutory legislation in due course. 


2.3. The Donaldson Report 


In January 1993 the Secretary of State for Transport 
instigated an enquiry, which came to be known as the 
Donaldson Enquiry, to: 

“Advise on whether any further measures are appropriate and 
feasible to protect the United Kingdom Coastline from pollution 
from merchant shipping. Due consideration should be given to the 
international and economic implications of any new measures.” 


It is generally accepted that the BRAER grounding was 
instrumental in causing the IMO to pass Resolution 
MSC 35(63), but the timing was such that the Donaldson 
report could not have been the principle reason behind the 
IMO reconsidering Resolution A535(13), and drafting and 
passing Resolution MSC 35(63). 


Of the 103 recommendation made by the Donaldson 
enquiry, three were directly applicable to emergency 
towing arrangements on tankers: 

1. Recommendation 15 — The UK Government should 
press IMO to ensure that the timetable is adhered to. 
(The timetable being the dates by which new and 
existing tankers should be fitted with an emergency 
towing arrangement in compliance with MSC 35(63).) 

2. Recommendation 16 — The UK Government should 
ask the IMO to reconsider the specification for the 
forward emergency towing arrangement for tankers, 
laid down in the draft revision of Resolution A.353(13), 
with a view to it including pick-up gear and a towing 
pennant. 

3. Recommendation 17 — The UK government should 
support the IMO's commitment to give further 
consideration to the matter of safe access from aft. 
The Load Line Convention should be amended if 
necessary. 


Whilst none of these recommendations have made a 
significant impact on the requirements for emergency 
towing arrangements as required by MSC 35(63), they do 
appear to have had some influence on the drafting of IMO 
Resolution MSC 62(67). 


Resolution MSC 62(67) requires every tanker constructed 
on or after the Ist July 1998 to be provided with the means 
to enable the crew to gain safe access to the bow even in 
severe weather conditions. For tankers constructed before 
Ist July 1998, such means of access shall be provided at the 
first scheduled dry-docking after the Ist July 1998 but not 
later than Ist July 2001. Such means of access shall be 
approved by the flag administration based on the 
guidelines developed by the IMO. However, this subject 
lies outside the scope of this Paper. 


3 Application of MSC 35(63) 


The term "tankers" includes but is not necessarily limited to: 
e Oil Tankers 

e Ore/Oil and Ore/Bulk/Oil Carriers 

e Chemical Tankers 

e Gas Carriers — LPG Carriers and LNG Tankers 

e Asphalt Carriers 

e Other types of ship which carry oil in bulk. 


IMO Resolution A.535(13) is the previous recommendation 
for emergency towing arrangements for tankers, however, 
unlike MSC 35(63) it has never been incorporated into one 
of the major statutory instruments. Therefore, it was never 
obligatory for tankers to be fitted with an emergency 
towing arrangement in accordance with its requirements. 


Existing tankers fitted with an emergency towing 
arrangement in accordance with Resolution A.535(13) may 
retain that towing arrangement forward. However, the 
towing arrangement at the aft end of the ship is to be 
upgraded to comply with the requirements of MSC 35(63). 
If there is any doubt as to whether or not the existing 
arrangement at the fore end complies fully with Resolution 
A.535(13), then it is to be appraised against the 
requirements of MSC 35(63). 


SOLAS Regulation 15-1 is the vehicle for the application of 
MSC 35(63) to all new and existing oil tankers of over 20,000 
tonnes deadweight. It requires that an emergency towing 
arrangement is to be fitted at the bow and stern of all 
tankers of 20,000 tonnes deadweight or more, which where 
constructed on or after the Ist January 1996. In this context, 
the phrase "constructed" refers to the date the keel was laid, 
or an equivalent stage of construction. 


The SAFCON certificate is the means of documenting and 
demonstrating compliance with SOLAS Regulation 15-1 
MSC 35(63). 


For those tankers of 20,000 tonnes dead-weight or more, 
which were constructed before the Ist January 1996, an 
emergency towing system is to be fitted at the bow and stern 
by the first scheduled dry docking after the Ist January 1996, 
but not later than the Ist January 1999. This provides a three 
year window, compared to the usual five year cycle for 
special surveys. 
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4 Emergency Towing 
Equipment 


Che major components of towing arrangements as required 
by MSC 


mandatory and optional items. The section references refer 


35(63) are given in Table 1, and comprise both 


to the following sections which go into greater detail about 


the specific requirements for each of these items. 


Details of a typical arrangement for the towing components 
at the fore end of a tanker are shown in Figure 2. The 
minimum required arrangement of emergency towing 
equipment forward consists of chafing chain, strongpoint, 


roller pedestal and a fairlead 


Figure 2 
Typical emergency towing arrangement at fore end of tanker 


Details of a typical emergency towing arrangement at the 
aft end are shown in Figure 3. The minimum requirement 
for an aft emergency towing arrangement is a strongpoint, 
a fairlead, or a combined strongpoint and fairlead, a towing 


pennant with or without a chafing chain and pick up gear. 


4.1. Pick-up gear 


4.1.1 Requirements 

lhe pick-up gear and its normal stowage is to be designed so 
that one person can deploy it in adverse weather conditions. 
Figure 4 illustrates a typical stowage arrangement for the 


vick-up gear consisting of a buoy and messenger. 
o 5 o 


Some consideration should be given to how effective the 


stowage is. It is one thing to neatly coil the messenger in a 


( Pick up Gear 


Figure 3 
Typical emergency towing arrangement at aft end of tanker 
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Figure 4 
Buoy and messenger stowage 


box and then to immediately perform a deployment test, 
but quite another to go down to the aft end of the ship ona 
cold and windy night with just a hand held torch to guide 
you, only to find that the messenger has become tangled 
after two or three years of being subjected to normal ship 
motions. 


4.1.2 Messenger 

The messenger is a length of line which is used in the 
transfer operation of the towing pennant from one ship to 
another. The towing pennant, being a strong fibre or steel 
rope is heavy and it is not possible to pass it unassisted 
directly from one ship to another. A messenger allows a 
lighter rope to be used to pull either the pennant across 
directly or via a series of slightly stronger intermediate 
ropes until finally the pennant itself can be passed. 


It is mandatory to fit a messenger at the aft end, and 
optional at the forward end of the ship. 


Table 1 
Emergency Towing Equipment 
T T 
Section | Item Fore End | Aft End Strength 
Ref. | Requirements 
—} ‘ T 
A | F | Optiona Mandatory N/A 
T f pt Mandat tails 
J Viandat De 1ing Jesigr To be 
Mand Mandat To bi 
4 t } Mandat | Mandat To be ass d 
Jat | Depend 1 | N/A 
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The messenger should be connected to the outboard end of 
the towing pennant. It should be noted that the specific 
wording in MSC.35(63) is “pre-rigged”, which allows for a 
degree of latitude in application. There is no firm 
requirement for the messenger to be permanently attached 
to the towing pennant, however, the arrangement must be 


such that it can still pass the deployment test 


It is recommended that messengers are of a length 
significantly greater than that of the ship they are fitted to 
This is to ensure that irrespective of how the buoy drifts in 
relation to the ship, it will eventually take up station clear 


of the vessel 


The messenger must be able to float so that it can be 
recovered at any point along its length. Figure 5 shows a 


messenger (and buoy) which has just been deployed 


Figure 5 
Messenger and buoy shortly after deployment 


Figure 6 
Messenger pulling on a bight of towing pennant 


The messenger is to be highly visible when floating on 
the surface of the sea and is to be of sufficient strength to pull 
the towing pennant free from any restraint during 
deployment. A minimum breaking strength of at least 10-15% 
of the required system SWL is recommended 


he strength requirements are based on the assumption that 
the messenger pulls on the outboard end of the pennant 
Some systems require the messenger to pull on a bight of the 
towing pennant as shown in Figure 6 This arrangement can 
result in a doubling of the load applied to the messenger, as 
shown in Figure 7. Care needs to be taken when assessing 
the strength of the messenger in these circumstances, to 


ensure that it is suitable for the loads applied 


Figure 7 
Loads on messenger when pulling on a bight of the towing path 


4.1.3 Marker buoy 
A marker buoy is required, although there is very little 


guidance as to what is an acceptable arrangement for a buoy 


In ideal conditions, it is expected that the crew of an 
attending ship will be able to easily identify where the buoy 
is and hence safely recover the messenger and establish a 
tow. However, it may not be so easy to locate the buoy at 
night during severe weather conditions. Anyone who has 
worked at sea will appreciate how difficult it is for even 
supposedly large radar targets, like fibreglass yachts 
(unless fitted with either radar reflectors or transponders) 
to register on radar in rough weather. A small synthetic 
buoy with a considerably smaller radar cross section is 


likely to be a very difficult target to locate 


Therefore, although they are not required, it is recommended 

that the buoy should have the following features 

e A Radar reflector. 

e ALight 

e AT lag 

e A label indicating the safe working load of the system 
fitted. For systems which do not utilise a buoy, the label 
is to be fixed to a suitable component which is bought on 
board the attending vessel 

e Is designed so that it floats upright, even if initially 


deployed upside down 


The buoy illustrated in Figure 3 is based on the Danbuoys 
used extensively as temporary navigation marks during 
minesweeping operations 
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4.2 Towing Pennant 


The towing pennant may be either a steel wire rope or fibre 
rope and extends between the strongpoint or the chafing 
chain (if fitted) and the towing equipment supplied by the 


attending vessel 


When choosing a pennant, due consideration should be 
given to the usual method of storage and the possible 
degradation of the pennant with time. In all cases, the 
manufacturer's advice should be sought by the owner to 
determine a reasonable service life for the towing pennant, 


bearing in mind the stowage arrangements adopted. 


The towing pennant is to have a length of at least twice 
the lightest seagoing ballast freeboard at the fairlead, plus 
50 metres and is to have a hard eye-formed termination at 
the outboard end to facilitate the use of a standard bow 
shackle for connection with the towing wire of the 


attending ship 


4.2.1 Steel Wire Rope 

Steel wire ropes comprise steel strands encompassing a 
hemp or jute core. A wire rope is constructed from a number 
of small wires which extend the entire length of the rope, 
these wires are laid up into strands, the strands themselves 
are laid up to form the rope. 


The individual strands are formed during manufacture into 
the exact spiral they take up in the completed rope, thus 
wires and strands lie in their true positions free from 
internal stress and should not spring out of place if the rope 
breaks. 


The hemp, jute or synthetic core performs two functions: 

a) To act asa cushion for bedding the strands, allowing 
them to take up their natural position as the rope is 
bent or loaded. 

b) To absorb the linseed oil or other lubricant with which 
the rope should be regularly dressed, so that when it 
is stretched or flexed the oil is squeezed between the 
wires, lubricating them and reducing friction between 
them 


The flexibility of the rope is achieved in two ways: 

a) By replacing the centre wire of each strand with a 
large core of hemp, jute or synthetic material. In this 
case strength is sacrificed for flexibility. 

b) By constructing each strand from a large number of 
small gauge wires wound round a wire core. In this 


case the strength of the rope is retained. 


If a steel wire rope is wound too tightly, or not handled 
carefully, it will be subjected to permanent distortion and 
kink. This in turn will result in a considerable weakening of 
the towing pennant, as a result the only acceptable storage 
for a wire rope is either on a reel or spool. Figure 8 shows a 


steel wire towing pennant stowed on a reel. 


4.2.2 Fibre Rope 
With its distinctive limpness, a synthetic towing pennant 
does not need to be stowed on a reel or spool, it can be 


faked down. A rope is “faked” down when it is arranged as 
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shown in Figure 9. According to the Admiralty Manual of 
Seamanship, the advantages are 
When faked, a rope does not acquire as many turns as when 


coiled, and it will therefore run out with less chance of becoming 


snarled. Care should be 


n to ensure that each bight at the end 


tely preceding it to ensure a 


Figure 8 
Wire towing pennant wound on drum 


Figure 9 
Plan view of a faked fibre rope 


4.3. Chafing Chain 


A chafing chain is required to prevent abrasive damage to 

the towing pennant which could occur if it passes 

unprotected through the fairlead. It is recommended that a 

chafing chain be fitted for systems incorporating a wire or 

fibre pennant which passes through a fairlead, although 

alternative solutions may be considered for example: 

e A low friction protective sleeve for the towing pennant 
arranged in way of the fairlead 

e Weaving additional low friction yarns into the towing 
pennant, at the location of the fairlead 


e Hard Eyes at the strongpoint 


If a chafing chain is to be fitted, then it is to comply with the 

following requirements: 

a) It is to be stud link chain cable. 

b) The chain is to extend from the strongpoint to a 
position a minimum distance of 3 metres beyond the 
fairlead to ensure that the towing pennant remains 
outboard of the fairlead during the towing operation. 

c) One end of the chafing chain is to be suitable for 
connection to the strongpoint. The other end is to be 
fitted with a standard pear-shaped link. 

d) It is to be stowed in such a way that it is pre-rigged for 
the aft arrangement and capable of being readily 
connected to the strongpoint for the forward 
arrangement. 


4.3.1 Pear Shaped End Links 
There is no defined standard for pear shaped links but 
Figure 10 shows one as described in Resolution A535(13). 
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Figure 10 
Standardised pear shaped link 


It is understood that the origins of the pear shaped link lie 
with Smit brackets. Some manufacturers of Smit brackets 
were experiencing difficulty in manufacturing a pin which 
could sustain the applied loads and fit into the end link of 
the chafing chain provided for single point mooring 
systems, despite this end link being longer and studless. 
The solution was to incorporate a pear shaped end link at 
the end of chain, which allows a larger pin to be used. 


However this decision to incorporate a pear shaped end 
link at the outboard end of the chafing chain caused some 
confusion especially as it was assumed by some owners 
that MSC 35(63) was incorrect and that the intention was for 
the pear shaped link to be at the inboard end of the chafing 
chain. A ruling was sought and it became apparent that the 
pear shaped link at the end of the chafing chain was 
intended to facilitate easy connection of the attending 
ship’s towing equipment. 


4.4 Fairlead 


The fairlead is used to direct the line of the tow to the 
strongpoint and is attached either directly to the deck, fitted 
on a raised seat, or incorporated into a bulwark structure. 
A typical bulwark mounted fairlead, commonly used at the 


forward end is shown in Figure 11 
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Figure 11 
Typical bulwark mounted fairlead 


The fairlead has either to be appraised for type approval, or 
to be appraised for general approval for fitting to a specific 
ship. 


The strength requirements for fairleads are given in Section 
6 of this Paper. 


Fairleads are to have an opening large enough to allow the 
passage of the largest portion of the chafing gear, towing 
pennant or towing line. 


When a towing pennant, fibre or steel wire, is bent around 
a radius, there is a loss in the strength of the pennant 
associated with that bend. A similar situation can occur 
with chafing chains. In order to ensure that this reduction in 
strength is kept to a minimum acceptable level there are 
recommended limits on the diameter of the bearing surface. 


The bending ratio of the fairlead bearing surface diameter 
to the chafing chain diameter, when a chafing chain is used, 
is to be not less than 7 to 1 as shown in Figure 12. 


It is recommended that the bending ratio of the fairlead 
bearing surface diameter to towing pennant diameter, for a 
steel wire rope pennant as shown in Figure 13, is not less 
than 12 to 1. Where it is intended to use a smaller bearing 
surface diameter, or a fibre towing pennant, the advice of 
the rope manufacturer should be sought. 


Figure 12 
Bending ratio for fairlead/chafing chain 
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Figure 13 
Bending ratio for fairlead/steel wire rope 


The fairlead is to be located as close as possible to the deck, 
and in such a position that the tow is approximately 
parallel to the deck when it is under tension between the 
strongpoint and the fairlead. 


Where the fairlead is not supplied with a base plate, careful 
consideration is to be given to the deck attachment. In 
general, full penetration welding or equivalent will be 
required, therefore a thicker insert plate in way of the 
fairlead may be required in order to facilitate heavier weld 
deposits and reduce the likelihood of cracking in the heat 
affected zone. Where it is intended not to use a thicker 
insert plate, the arrangements for welding the fairlead to 
the deck are to be discussed and agreed with the attending 
LR Surveyor before work commences. 


Welds between the fairlead and the supporting structure 
are to be examined by non destructive examination to the 
attending Surveyor’s satisfaction. 


4.5 Strongpoint 


The strongpoint is the inboard end fastening of the 
emergency towing arrangement. It is to be a stopper or 
bracket or other fitting of equivalent strength and can be 
designed to be integral with the fairlead. 


The strongpoint is either appraised for type approval or for 
general approval for fitting to a specific ship. 


The strength requirements for strongpoints are given in 
Section 5 of the LR guidance notes for emergency towing 
arrangements on tankers and are also detailed further in 
Section 6 of this Paper. 


Where the deck plating in way of the strongpoint is less 
than 15mm, an insert plate is required with a minimum 
thickness of 15mm. However, it is considered preferable for 
the base plate of the strongpoint to be inserted into the deck 
as opposed to doubling and slot welding. This results in a 
stronger connection to the deck plate and direct connection 
to the primary under deck stiffening. 
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Welds between the strongpoint and the supporting 
structure are to be examined by non destructive 
examination to the satisfaction of the attending Surveyor. 


For steels with a yield stress of more than 500 N/mm? 
(51 kgf/mm?) there may be an increased potential for 
corrosion fatigue to occur in a marine environment. These 
materials are to be avoided if possible. If they are used, it is 
recommended that where components such as strongpoint 
pins utilise such high strength steels, they are painted so as 
to protect against, and indicate the presence of, any 
corrosion. 


Where it is intended to use very high yield stress steels, for 
any emergency towing application, it is recommended that 
the advice of the Materials Department, Engineering 
Services, Croydon is sought as a matter of course. 


4.6 Roller Pedestal 


The roller pedestal is required at the fore end of the tanker 
to facilitate the handling and redirection of the messenger, 
in order to connect the towing pennant from an attending 
ship. 


If a towing pennant and pick-up gear are fitted forward 
(complying with the aft end equipment requirements), then 
the roller pedestal may be dispensed with. 


Approval of the roller pedestal arrangement is limited to 
the strength aspects of the connection to deck and 
supporting structure only. 


It is recommended that the roller pedestal is to be located 
aft of, and in line with, the strongpoint and fairlead. 


The roller pedestal is instrumental in allowing a tug to 
attach a towing pennant to a stricken tanker when the only 
power available is on the attending vessel and the 
equipment available on the tanker is limited to the chafing 
chain attached to a strongpoint and a fairlead, i.e. the “worst 
case scenario”. A light line is transferred from the tug to the 
tanker, either by using a rocket or a line throwing rifle. 
This light line is used to pull a messenger to the tanker. 
The messenger is guided in through the fairlead, around the 
roller pedestal and back out of the fairlead to the tug. The tug 
can then use the messenger by pulling on it with its own 
windlasses and draw the towing pennant towards the 
tanker. The towing pennant is pulled through the fairlead 
into a position close to the chafing chain, to which it can 
then be connected. The load on the messenger can then be 
transferred to the chafing chain and an effective tow 
established. 
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5 LR Approval Procedure 


It is recommended that all systems, except for those that 
incorporate existing ship fittings, are assessed for type 
approval and subjected to a prototype test. For systems that 
utilise existing ship fittings for either the fairlead or 
strongpoint, it is required that these components comply 
with the relevant paragraphs of LR’s guidance notes for 
emergency towing arrangements. It is not recommended 
that a full load proof test is performed on an existing 
strongpoint or fairlead whilst it is still attached to the ship. 
The consequences of a failure, of either the strongpoint or 
the structure it is attached to, could be severe. 


Type approval may be granted for the following arrangements: 

a) ‘Full type approval’, which includes all components in 
the system, e.g. strongpoint, fairlead, roller pedestal, 
chafing gear, towing pennant and pick-up gear. 

b) ‘Limited type approval’ of a strongpoint and/or 
fairlead structure (if applicable), from the strength 
aspect only. The remainder of the components can be 
sourced from other suppliers, provided the equipment 
is manufactured to LR requirements and accompanied 
by the required certification. 


When the type approval certificate is to be issued by 

headquarters, the type approval procedure is as follows: 

a) Type approval request form (form number 2571) 
issued to the client by the local office. 

b) Completed form submitted to the Type Approval 
Department at LR Croydon. 

c) The plan approval office is contacted by LR Croydon 
to initiate the approval procedure. 

d) Supporting calculations verifying the strength of the 
strongpoint and associated fairlead, plus proposals for 
proof testing, are submitted by the port office direct to 
the plan approval office dealing with the case. 

e) A copy of the port office Surveyor's prototype test 
report is forwarded to the plan approval office. 

f) The report of the plan appraisal is submitted by the 
plan approval office to LR Croydon along with the 
design appraisal document. 

g) Type approval certificates detailing the scope of the 
approval issued by LR Croydon. 
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6 Strength Requirements 


6.1 Minimum Safe Working Loads 


The minimum safe working loads (SWL) for emergency 
towing arrangements as defined by MSC 35(63) are given in 
Table 2. 


Table 2 
Minimum Safe Working Load of Emergency Towing 
Arrangements - As Per MSC 35(63) 


SWL in KN. (tonnes) 


1000 (102) 
2000 (204) 


Deadweight (tonnes) 


> = 20 000 < 50 000 
> = 50 000 


Note: 


The term 'SWL' as used in the context of emergency towing 
arrangements for tankers relates to the required ‘working 
strength’ of the system, which is defined in MSC 35(63) as 
being a minimum of one half of the ultimate strength. 


The minimum safe working loads (SWL) for emergency 
towing arrangements as originally defined by Part 3, 
Chapter 13, Section 9 Table 13.9.1. of LR’s 1996 Rules are 
given in Table 3. 


Table 3 

Minimum Safe Working Load of Emergency Towing 
Arrangements - As Per Part 3, Chapter 13, Section 9 
of LR’s 1996 Rules 


Deadweight (tonnes) SWL in KN. (tonnes) 


< 50 000 1000 (102) 
> = 50 000 < 350 000 2000 (204) 
> = 350 000 2450 (250) 


From comparison with MSC 35(63), it can be seen that LR 
had an additional requirement for ships with a deadweight 
greater than 350,000 and less than 20,000 tonnes. However, 
these differences have been addressed in Notice No. 3 to the 
1997 rules. 


6.2 Component Failure 


A tanker emergency towing arrangement is the last means 

by which an abandoned and unpowered ship can be 

controlled by an attending tug. Therefore, from operational 

aspects, there are a number of characteristics which must be 

considered desirable, specifically: 

a) The arrangement must be easy to operate, and 

b) When that component which is most likely to fail 
under load fails, it must be easy to replace under all 
prevailing weather conditions. 


Emergency towing arrangements can be considered as 
having three separate component groups: 

e The towing pennant and chafing chain. 

e The strongpoint and fairlead 

e The ships structure in way of the strongpoint and fairlead 
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If either the towing pennant or chafing chain fails when in 
use, they can effectively be replaced. However, if there is a 
failure of either the strongpoint, fairlead or the associated 
ship's structure in way, then these items could not be 
readily replaced. In heavy weather or emergency 
conditions it would be extremely difficult to remove a bent 
pin from a Smit bracket or carry out any effective repairs 
involving hot working, thus effectively rendering the 
towing system unusable. 


In view of the above argument, the weakest component of 
an emergency towing system should be the towing pennant 
and the chafing chain. The strongpoint and fairlead which 
have mechanical linkages for attaching the chafing chain or 
towing pennant to, should have a minimum strength such 
that, when subjected to those loads at which the weakest 
element of the system is expected to fail, they are still 
capable of performing their function, i.e. the towing 
pennant or chafing chain can be attached and detached. It is 
also considered desirable that the various components of 
the system which are attached to the deck remain in their 
original relative orientation after the weakest component 
has failed, as significant deformation may seriously hamper 
attempts to re-establish a tow and limit the effectiveness of 
that tow when it has been established. 


6.3 Component Testing 


The strength of the various components is established and 
approved in various ways. Every chafing chain and towing 
pennant is proof tested and the breaking strength 
established by test, i.e. a sample of the chafing chain is 
removed, taken to the test rig and pulled until it breaks. 
A certificate is supplied to confirm that the minimum 
strength criterion has been achieved. Likewise a sample of 
the towing pennant (steel wire or fibre) is removed and 
tested by either pulling the whole sample until it breaks, or 
by pulling a number of individual strands until they break, 
and then establishing the breaking strength of the entire 
rope. Therefore, the minimum breaking strength of these 
components are known, and a high degree of confidence 
achieved in their strength meeting the minimum standards. 
Furthermore, the amount of excess strength required in 
order to demonstrate compliance needs only to be very 
small (in the order of a few percent). 


The strength of the strongpoints and fairleads is usually 
established by a prototype proof test as part of the type 
approval procedure, i.e. a strongpoint, fairlead or combined 
strongpoint and fairlead is put on a test rig. A pull of twice 
the safe working load is applied and the results observed. 
If the component deforms to such an extent that, in the case 
of a strongpoint, the towing pennant cannot be removed and 
re-attached manually, or if the components of the tow, 
chafing chain, or towing pennant cannot pass through the 
fairlead, then the tested component is considered to have 
failed the test and would require modification and re-testing. 


The guidance notes recommend that the stress criteria for 
components of emergency towing systems, such as 
strongpoints and fairleads, which are to be subjected to a 
proof test in order to receive type approval, should be 
designed on the basis of an applied load of twice the 
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required SWL, and be such that the resultant design stresses 
do not exceed: 
Combined Stress, s. = 216 N/mm? (22 kgf/mm?) 


k k 


The material factor "k" is taken from Part 3, Chapter 2, 
Section 1.2, Paragraph 1.2.3 of LR’s 1997 Rules. 


Pennants, chafing chains and their associated fittings 
should have a minimum breaking strength of twice the 
required SWL for the system. Details of the testing and 
certification requirements are dealt with in the next section. 
For guidance, Table 4 shows minimum chafing chain size 
requirements. 


Table 4 
Chafing Chain Requirements 


SWL KN. (tonne-f) | Grade U1 


Grade U3 
52mm 


Grade U2 
62mm 
90mm 


1000 (102) 


2000 (204) 76mm 


It is understood that a number of systems which were 
developed prior to the issue of LR's guidance notes failed 
their first proof tests and required modification and re-testing 
before receiving type approval. 


6.4 Ships Structure 


As there is no requirement to load test the ship's structure 
in way of emergency towing strongpoints and fairleads, it 
must be appraised on the basis of calculations only. Due 
consideration must be given to the limitations of using 
simple theory to establish the strength of this type of 
structure. Under these circumstances, applying a load 
of twice the safe working load and limiting the combined 
acceptance stress to 216 N/mm? (22 kgf/mm?) for mild 
steel (i.e. 92% of yield) is considered prudent. 


The final stress criteria for a ship's structure in way of 
emergency towing fittings are that the structural elements 
are to be appraised on the basis of an applied load of twice 
the required SWL such that the resultant design stresses do 
not exceed: 

Bending Stress, s,, = 183 N/mm? (18.6 kgf/mm?) 


k k 
Shear Stress, t = 106 N/mmé2 (10.8 kgf/mm?) 
k k 
Combined Stress, s. = 216 N/mm? (22.0 kgf/mm?) 
k k 


The material factor "k" is taken from Part 3, Chapter 2, 
Section 1.2, Paragraph 1.2.3 of LR’s 1997 Rules. 


When assessing the under-deck structure in way of 
the fairlead, or a combined fairlead/strongpoint, due 
consideration is to be given to lateral loads arising from the 
requirement that the strength of the system is to be sufficient 
for all angles of tow up to 90° from the ship's centreline and 
30° vertically downwards. Arguably, the worst case will 
arise for a separate fairlead and strongpoint with the lead to 
the strongpoint bent around 90° at the fairlead. 
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7 Strength Testing/ 
Certification 


7.1. General 


Where a manufacturer has requested a certificate of ‘Type 
Approval’ for either an individual component of a system, 
such as the strongpoint and/or fairlead, or for a complete 
system, a prototype load test to twice the required SWL of 
the system will generally be required. The prototype test is 
a test of the strongpoint or fairlead or combined 
strongpoint and fairlead; it is not a test of either the towing 
pennant or chafing chain or any other fittings. 


If the structural configuration of an individual component 
is not of a particularly complex or novel nature, and where 
the submitted engineering analysis and calculations 
demonstrate satisfactorily that the stresses detailed in 
Section 6 of this Paper are not exceeded, consideration 
could be given to waiving the requirement for a prototype 
test to be carried out. 


Prior to a prototype test being conducted, detailed plans, 
engineering calculations, test procedure and layout should 
be submitted for examination. Structural components to be 
tested are to undergo strength assessment according to 
Section 6 of this Paper, and LR's confirmation that testing 
may proceed will be given when all aspects are found 
satisfactory. 


The prototype test is to be carried out at either the 
manufacturer's establishment or a recognised testing facility. 


Fairleads or combined strongpoint/fairlead arrangements 
should be tested to confirm that their strength is sufficient 
for all angles of towline up to 90° from the ship's centreline 
and 30° vertically downwards as shown in Figure 14. 
Prototype tests representing these maximum angle 
conditions are required to be carried out at twice the 
required SWL. 


Proof testing of emergency towing strongpoints and 
fairleads has proved to be more complex than the 
requirements of MSC 35(63) would suggest. Interpretation 
of the testing requirements has deviated from one 
classification society to another. Some consider that two 
tests are required, one with the pennant bent round ninety 
degrees in a horizontal plane and another with it bent thirty 
degrees in a vertical plane. Figures 15 and 16 show a test rig 
built to perform these two tests separately. However, 
certain classification societies will only accept tests where 
the towing pennant was bent around 90° in a horizontal 
plane and 30° in a vertical plane at the same time. Figures 
17 and 18 show a purpose-built rig for such a test. 


A component is considered to have passed the prototype 
test if, after completion, it can still be used for its intended 
function. Localised distortion may be allowed provided the 
components of the tow can still pass through the fairlead 
and the tow can be attached to, and detached from, the 
strongpoint. 
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Fairlead 


Proof test in 
horizontal plane 


Force = 2 x SWL 


Fairlead 


30 Degrees 


Force = 2 x SWL 
Proof test in 


vertical plane 


Figure 14 
Proof test for fairlead 


The two hydraulic rams and strongback required to apply 
the 400 tonne proof test, can be clearly seen in Figures 15 
and 16, as can the assembled surveyors from the various 
classification societies who are witnessing the test. 


In order to reduce the cost of type approval to an acceptable 
level for the manufacturer, either of the two testing 
methods are considered acceptable by LR, in order to meet 
the requirements of MSC 35(63), however, there is still some 
debate as to which type of proof test applies the most 
critical load to the equipment being tested. 


Another problem is the length of time for which the proof 
load is to be sustained. LR expects the proof load to be 
sustained for a short period of time, sufficient only to avoid 
the component under test being "shock" loaded. Other 
classification societies have fixed, and in general, longer 
periods of time for which the load must be applied. When a 
wire or fibre towing pennant is bent around a radius, there 
is an associated reduction in strength. A number of proof 
tests have failed, not because of any structural failure of the 
component under examination, but because the wire used 
for the test failed within the prescribed time interval. 


How the load is applied to the component being tested is 
another problem. In general most testing establishments are 
equipped to test components using a direct push. For 
emergency towing strongpoints a pull is required. In order 
to achieve this an arrangement has to be made whereby the 
hydraulic jacks push can be converted by the use of a 
strongback into a pull. An alternative solution which is 
being used successfully, is to push on the component under 
test. This requires using a suitably shaped strut between the 
jack and the component. 
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Figure 15 Figure 16 
Proof test rig for 90 degree bend in horizontal plane Proof test rig for 30 degree bend in vertical plane 


Figure 17 
Aerial view of one example of a specially constructed proof test rig 


Figure 18 
Side view of typical testing rig 
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One of the biggest problems is the proof testing of fairleads 
which have the requirement to bend the pennant through 
90°; Figure 19 shows two alternative methods of loading. 
The first involves using a number of strong backs in order 
to achieve a pull on the fairlead whilst the other uses one 
strong back and pushes. It is important to ensure that the 
applied load in the case of the latter is of the correct 
magnitude. 


7.2 Finite Element Modelling 


An acceptable alternative to proof testing is to perform a 
detailed direct calculation using finite element modelling. 
To date, this has been intentionally limited to simple 
traditional types of strongpoints and fairleads which are 
derived from a generic model with a proven track record, 
e.g. Smit brackets, chain stoppers, panama chocks etc. Some 
novel arrangements have been submitted with a detailed 
finite element model, however, they were required to 
undergo proof testing. 


The principle advantage of performing a detailed direct 
calculation instead of proof testing appears to be that a 
substantial cost saving can be achieved. 


It should be noted that as far as we are aware, LR is the 
only classification society which is allowing, after due 
consideration of the arrangements proposed, finite 
element modelling in lieu of a proof test. Furthermore, it 
has come to our attention that other societies may not 
recognise LR type approval certificates where a finite 
element model has been submitted and accepted in place 
of a proof test. 


7.3. Towing Pennants and Fittings 


Steel wire towing pennants and chafing chains are to be 
manufactured and tested in accordance with the 
requirements of Part 2, Chapter 10 of the Rules. They are to 
be supplied with a certificate demonstrating a safe working 
load of either 1000 KN (102 tonne force) or 2000 KN (204 
tonne force) as appropriate, and an ultimate strength in 
excess of 2000 KN (204 tonne force) or 4000 KN (408 tonne 
force) as appropriate. These certificates are to be verified by 
the attending Surveyor. Ideally the certificate should be 
issued by LR, however, certification for these items by other 
recognised approving authorities may be considered. 


The chafing chain end links should be manufactured 
to a recognised standard and the complete chafing chain, 
including its additional pear shaped end links, should 
be proof loaded at an LR authorised proving establishment/ 
testing house upon completion. 


Any fittings like bow shaped shackles and spelter end 
sockets which may be subjected to the full working load of 
the system are to be supplied with a certificate 
demonstrating a safe working load of either 1000 KN (102 
tonne force) or 2000 KN (204 tonne force) as appropriate and 
an ultimate strength in excess of 2000 KN (204 tonne force) 
or 4000 kN (408 tonne force) as appropriate in accordance 
with the requirements of Part 2 Chapter 10 of the Rules. 


All certificates are to be verified by the attending Surveyor. 


Fibre rope towing pennants (both artificial and natural) will 
require to be manufactured to a recognised National 
or International Standard, and be supplied with certification 
indicating a minimum breaking load of twice the 
required SWL. 


Load applied - Pulling 
For 100 t fairlead - 204 tonnes 
For 200 t fairlead - 408 tonnes 


Figure 19 
Proof testing of fairleads 


16 


Load applied - Pushing 
For 100 t fairlead - 288 tonnes 
For 200 t fairlead - 577 tonnes 


8 Deployment 


8.1 Requirements 


Aft equipment should be pre-rigged and be capable of 
being deployed by a single person in harbour conditions, in 
the absence of ship's power, in not more than 15 minutes. 


Forward equipment is recommended, but is not required, 
to be pre-rigged, and should be capable of being deployed 
in harbour conditions, in the absence of ship's power in not 
more than | hour. 


8.2 Deployment Tests 


Following inspection of the installed equipment, the 

attending surveyor should be satisfied that the above 

deployment criteria can be met. If he has reservations, then 

a deployment test is to be requested. Consideration should 

be given to the following points when deciding whether or 

not a deployment test is to be carried out: 

a) Isany rigging of equipment required? 

b) Do any covers ete., enclosing items of the towing 
equipment, require to be removed prior to deployment? 

c) Can the buoy and messenger rope be simply put 
overboard and take up the correct alignment for 
pulling the pennant into position? 

d) Is there a necessity to man-handle such items as the 
pennant or chafing chain? 

e) Will the pennant or chafing chain readily take up a 
correct position in relation to the strongpoint and 
fairlead to facilitate towing operations? 


If it has been decided that a deployment test is required, use 
may be made of quay-side/dockside equipment to pull the 
pennant into the correct position ready for towing. 


It is considered that the deployment test is to confirm that 
the system, when operated competently, can be deployed 
within the required timescale. 


Some systems, specifically faked systems, suffer from 
three drawbacks; firstly, difficulty in re-stowing after 
deployment; secondly, the stowage (in some cases a simply 
ply wood container secured to the deck) may not actually 
survive the deployment test due to abrasive damage from 
the pennant and impact damage from the chafing chain; 
and, thirdly, an owner who has purchased a specialised and 
expensive fibre rope will not wish it to be pulled back on 
board covered with a thin layer of oil and other undesirable 
contaminants. 


For most arrangements it is obvious from a_ visual 
inspection that the targets times can be easily met. 
However, it is to be borne in mind that it is easier to deploy 
the emergency towing equipment in good weather 
alongside or anchored in sheltered water, but much more 
difficult during the hours of darkness when the ship has 
suffered a power failure and is heaving, pitching and 
rolling in, say a force 9 gale. 
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It should also be noted that the requirements for a 
deployment test do not address the problem of crew 
training. (It is undesirable for the operator to have to read 
the instructions on deploying the emergency towing 
arrangement before he can proceed during an emergency 
situation.) However, it is concluded that this will be 
addressed by the ship operators under the ISM Code 
requirements. 
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9 Types of Emergency Towing 
Arrangements Sulomitted for 


Type Approval 


There are a number of emergency towing systems available; 
Appendix C details those which have been type approved 
at the time of publication along with details of the 
manufacturers’ address. 


9.1 Systems for Stowing the Towing 
Pennant 


9.1.1 Stowage Reels with vertical Axles 

Given that steel wire towing pennants can only be stowed 
on either a reel or a spool, some consideration should be 
given to storage reels. With a vertical reel there are two 
options. The towing pennant can have a stopper or spelter 
socket at the end for arrangements where the strongpoint is 
not integral with the reel. Alternatively, the axle of the reel 
can constitute the strongpoint. Either the towing pennant 
has an eye at the end which rotates around the axle when it 
is being deployed, or there are arrangements which 
incorporate a chafing chain which is connected to the axle. 
Figure 20 illustrates an emergency towing arrangement 
with a vertical reel, which uses the axle of the drum as the 
strongpoint. 


Towing pennant 


os Tow stowed 


Chafing chain 


Tow deployed 


Figure 20 
Vertical reel 
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In some instances the towing pennant, either steel wire or 
fibre, terminates in a soft eye which is placed over the axle 
of the drum, and rotates with the drum instead of a chafing 
chain. 


Arrangements for recovering the pennant when deployed 
have included hand powered winding gear and means of 
using the power from a ship’s windlass to drive the drum 
and rewind the pennant. Some systems include the 
provision of a small davit which is used to raise and lower 
the pennant to ensure that it is stowed evenly. 


9.1.2 Stowage Reels with Horizontal Axles. 

For reels with a horizontal axis it is not, in general, practical 
to use the reel as a strongpoint. The height of the pull above 
deck is such that this type of arrangement would result in 
massive loads at the deck connection. Instead, the 
strongpoint is usually separate from the reel as shown in 
Figure 21. 


Towing pennant 


Strong point 


Tow stowed 


| , ‘ Tow deployed 


Figure 21 
Horizontal reel 


One advantage with a horizontal reel is that it can be 
located clear of the strongpoint. This is of relevance for 
those ships which may have a lack of suitable space on the 
poop or main deck aft. In some cases, the reel has even been 
located below the poop or weather deck. The watertight 
integrity of these arrangements and their implication on 
stability aspects of the vessel are discussed in Section 11. 


If the reel is not to be used as the strongpoint, then a chafing 
chain cannot be used and special consideration needs to be 
given to arrangements at both the strongpoint and fairlead 
for preventing chafing damage to the towing pennant. 
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9.1.3 Spools 

Figure 22 shows a layout for an emergency towing 
arrangement which utilises a spool for storing the 
towing pennant. So far, LR has only quoted once for the type 
approval of a spool arrangement but no such system has as 
yet been type approved or approved for installation on 
any ship. 


Unlike reels, spooled systems have no moving parts, the 
towing pennant naturally pulls off the stowage, in many 
ways similar to the faked system for stowing towing 
pennants. 


The proposed system in Figure 22 takes up a considerable 
amount of space and the towing pennant can not be readily 
restowed on the ship. These factors may make it an 
undesirable arrangement to ship owners / operators. 


If such a system were to receive type approval and be 
installed on a tanker, serious consideration would have to 
be given to how the deployment test should be conducted, 
bearing in mind the extreme difficulties in restowing the 
towing pennant. It may well be that a_ prototype 
deployment test will be required and the deployment tests 
on the ship waived. 


Strong point 


Stowed 


Deployed 


Figure 22 
Spooled emergency towing arrangement 


9.1.4 Faked Systems 

The principle of faking a pennant has been described 
previously and a number of systems have been proposed 
which incorporate a faked pennant. The stowages 
themselves tend to be in shipbuilding terms, delicate. 
Whilst it is sufficient to hold the pennant safely and 
securely during normal ship motions, it is anticipated that 
during the deployment procedure, the box may be severely 
damaged. 


Figure 23 shows the components of a typical faked system. 


A degree of reservation has been expressed by operators 
over the problems associated with restoring this type of 
system after the deployment test. Furthermore, the owners 
and operators would prefer not to have to drop a new 
towing pennant into the contaminated waters, which can be 
found in some harbours, before retrieving it for stowage. 
Special consideration should be given to the arrangement 
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N Chafing chain 
Ne JA Faked fibre pennant 


Smit bracket 


Stowed 


5192/13 


Deployed 


Figure 23 
Faked emergency towing system 


before insisting that a deployment test is performed. If it is 
determined that a test is required, it should be decided 
whether or not the entire towing pennant needs to be 
deployed, or if it is sufficient to demonstrate only that the 
messenger can pull the outboard end through the fairlead. 
Some of these reservations are equally applicable to other 
systems. 


One report has been received of a deployment test of a 
faked system which failed. The towing pennant at the aft 
end was stowed forward of the strongpoint. The 
strongpoint had been modified by the addition of a number 
of hooks used to secure a canvas cover over the Smit 
bracket. During the deployment process, the towing 
pennant rubbed past these hooks and was ripped to pieces. 
Without a full deployment test this failure of the 
arrangement would not have been predicted. 


9.2 Separate Strongpoints 


9.2.1 Smit Brackets 

Smit brackets consist of two parallel plates welded to a base 
plate, having a hole cut in them through which a pin passes. 
The chafing chain is held in place between the plates by the 
pin. Figure 24 shows a Smit bracket. 


Handle 


oe 


~— Pin 


Figure 24 
Typical “Smit” bracket 
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A number of variations of the standard Smit bracket have 
been submitted for consideration. One variation involves 
the bracket being turned through 180 degrees and having 
additional plates welded to the cheek plates to square off 
the back end and then using it in conjunction with a towing 
pennant fitted with a stopper, a similar arrangement to that 
shown in Figure 21. 


Another arrangement had the Smit bracket turned upside 
down and mounted on the underside of the deck. The 
towing pennant and messenger were located in a box below 
the deck which was closed with a flush hatch. This system 
had the advantage of taking up very little space on the aft 
mooring deck and effectively not interfering with the 
normal operation of the ship. 


9.2.2 Chain Stoppers 

Chain stoppers are another traditional method of securing 
a single point mooring (SPM) to a ship. An example of one 
is shown in Figure 25. 


Figure 25 
Typical chain stopper 


Chain stoppers are usually provided with a plinth to which 
they are bolted. These introduce their own specific 
problems. In some arrangements there is a bar welded 
across the front of the plinth which prevents the chain 
stopper sliding forward; the bolts are only used to prevent 
it from tipping forward. On others the bolts perform both 
functions. 


Another aspect which must be considered is the increased 
loads on the supporting structure from the chain stopper 
when it is raised above the deck on a pedestal. 


The pedestal is not usually included in the type approval of 
the chain stopper and must be assessed on a case by case 
basis. Internal surfaces of the pedestal are to be coated to 
the Surveyors satisfaction before it is attached to the deck, 
as once it is attached there is no way to access these voids. 


Chain stoppers are extensively used for single point 
moorings and a large number of tankers have them fitted, 
specifically to obtain an SPM notation. However, the 
strength requirements for an SPM notation can differ from 
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that required for an emergency towing arrangement and a 
chain stopper should not be accepted on the basis that it has 
been fitted for a single point mooring system and therefore 
must be sufficient for emergency towing arrangement 
applications. 


9.3. Combined Strongpoints and Fairleads 


9.3.1 General 

There are a wide range of combined strongpoints and 
fairleads available for use as emergency towing 
arrangements, some are quite complex and deserving of 
sections in their own right. In its simplest form, the 
combined fairlead and strongpoint is based on a free 
standing fairlead. At the inboard end of the chafing chain is 
located a stopper, usually a circular disk of steel of such a 
size that it cannot pass through the fairlead opening. In 
some cases the chafing chain is attached to the centre of the 
disc, in others to the edge. In the case of the latter, there are 
higher local stress concentrations. 


In all cases, it is difficult to accurately appraise the stress 
concentrations in the fairlead and final type approval can 
only be granted on the basis of a proof test. 


More complex combined fairleads incorporate two 
distinctive components in the same body, one component 
acts to block the passage of a stopper in the end of the 
towing pennant, the other component acts as a fairlead 
providing a curved bearing surface to protect and extend 
the life of the towing pennant. In these cases, the stopper 
usually consists of a spelter socket. Figure 26 shows a plan 
view of this arrangement. 


Strongpoint Sy 


ld 


Towing 
pennant 


Stopper/ 


Fairlead } 


Figure 26 
Combined fairlead and strong point 


9.3.2 Hinged and Pivoted 

A few systems have been proposed which have 
incorporated a hinged arrangement for the combined 
strongpoint and fairlead, as shown diagramatically in 
Figure 27. One of these systems has been successfully type 
approved. The others have been approved for limited use 
on a specific number of ships and are effectively unique to 


a single class. 
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Figure 27 
Hinged systems 


Figure 27 details the deployment procedure for this type of 
system. As can be seen, the messenger in this example pulls 
on a bight of the towing pennant. Due to the reasons 
detailed above, it is not possible to fake down a steel wire 
towing pennant, therefore this is the only way that an 
arrangement of this type which uses a wire towing pennant 
can be deployed. Care must be taken when assessing the 


strength of the messenger 


If a fibre towing pennant is used, it is possible to pull on the 
outboard end of the towing pennant and the normal 
strength requirements for the messenger need only be 


considered 


Figure 28 shows a photograph of this type of combined 
strongpoint and fairlead, in this case with a steel wire 
towing pennant deployed. This has been done for a 
deployment test only as it can be seen that there is no load 


on the system 


Figure 29 shows a photo of the travelling block which is 
used to pull a towing pennant from the ship during 


deployment 


Whilst not a problem from plan approval aspects, the 
manufacturer and operator have to consider how to recover 
the towing pennant after being deployed for a test. Whilst 


fibre systems can utilise a faked stowage, wire systems are 


Figure 28 
Combined strongpoint and fairlead 


Figure 29 
Travelling block 


limited to stowing the towing pennant on a reel. For wire 
systems, the first portion to be wound on the drum is the 
end furthest away from the ship, i.e. the end which is to be 


connected to the attending vessel’s equipment 
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As the hinge and pivot structure usually extends aft from 

the fairlead, it has been questioned how this affects the 

length of the vessel from statutory aspects. It is considered 
that: 

a) the appendage will not affect the freeboard length. 

b) anappendage of this type is considered not to have an 
affect when determining the longitudinal extent of 
damage from stability aspects 

c) although this type of appendage will not affect the 
tonnage length it will affect the overall length which is 
shown on certificates such as the Panama Canal 
Tonnage certificate 

d) from MARPOL 73/78 Annex 1 aspects, the increase in 
overall length would not affect the statutory 
certification. 


On a previous newbuilding the emergency towing 
arrangement was recessed into the transom, resulting in 
high loads on the corners of the recess box when applying 
a pull of 90° to the centre line. 


9.4 Fairleads 


9.4.1 Bulwark Mounted Fairleads 
Usually there will be an existing bulwark arranged at the 
forward end of the vessel and embedded in it will be a 
number of fairleads, or chocks (cast fairleads). These are 
usually fairly large castings with specially designed flanges 
and edges for welding to the bulwark. 


9.4.2 Deck Mounted Fairleads 

At the aft end it is unusual for a tanker to be fitted with a 
bulwark. Without a structure to embed the fairlead in, 
recourse is made to using a free standing fairlead or deck 
chock. As shown in Figure 30 this is a substantial casting 
with specially designed edges and webs for connection to 
the ship. 


Figure 30 
Typical deck chock or fairlead 
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9.5 Systems without a Towing Pennant 


One system has been proposed which does not incorporate 
a towing pennant as part of the system installed on the ship. 
Instead it features a specially designed towing hook which, 
when attached to two 
messenger/handling ropes. One of the ropes passes 
through the pear shaped link at the outboard end of the 
chafing chain which in turn is attached to a conventional 
strongpoint in the usual way. 


stowed on the ship, is 


A specially designed retrieval system allows the attending 
vessel to recover the messengers/handling ropes by using 
either a line throwing rifle or rocket. Once the ropes have 
been retrieved, the hook is pulled out from the ship and on 
to the attending vessel which attaches its towing pennant to 
the hook. 


The second rope is then used to pull the hook back on board 
the tanker and attach it to the chafing chain. Once attached, 
the ship can be safely towed. 


This system has been extensively tested both in harbour 
and at sea to confirm that it can be deployed in accordance 
with the requirements of MSC 35(63). 


This system does not strictly comply with MSC 35(63) 
because the mandatory towing pennant at the aft end is not 
provided. However there are other distinct advantages to 
the system, such as there being no risk of the messenger 
naturally streaming into a position from which it cannot be 
retrieved safely. 


This system can be used on ships defined in Section 3 of 
this Paper, provided the flag authorities agree to its use. 
A number of prominent operators have already used this 
arrangement. 
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10 Approval of Ships Structure 
in way of Emergency 
Towing Arrangements 


The approval of a ship’s structure in the way of emergency 
towing arrangements is usually done on the basis of 
applying simple beam theory. An estimate of the loads 
applied to the structure under the strongpoint or fairlead is 
made and the load is traced away from the item under 
consideration until it is considered to have reduced to a 
negligible level. 


For strongpoints, it is considered that there may be 
advantages in locating them on a primary longitudinal 
girder either at a connection with a primary transverse 
beam, or in way of a transverse bulkhead or above a pillar. 


For deck mounted fairleads it is considered preferable to 
locate them on a primary longitudinal girder and arranging 
a transverse beam under the forward edge of the fairlead. 


For both strongpoints and fairleads, there are significant 
advantages in locating the point of application of the load 
(i.e. the pin in the case of a Smit bracket) as close to the deck 
as possible. 


The transom can require special consideration. In the case 
of an arrangement incorporating a separate strongpoint 
and fairlead, the worst load case is when the tow is being 
directed 90° to either side, although, in this situation the 
transom structure in way is largely in tension. For a 
combined strongpoint and fairlead, the worst case is 
considered to be when the tow is pulled directly aft and 
angled down at 30° when the transom is under a significant 
compressive load and consideration must be given to the 
buckling capability of the plate panels below. Additional 
intercostal panel breaking stiffeners may be required. 


Irrespective of whether a strongpoint, fairlead or a 
combined strongpoint and fairlead is being considered, it is 
strongly recommended that the item in question is inserted 
into the deck. Such an arrangement would be welded to the 
adjacent deck plate and welded to the structure below deck 
with full penetration welding, rather than lap welded to the 
deck. Lapwelding, with or without additional slot welds, 
would be inferior in strength when compared with an 
inserted component. There are some test results which 
support this opinion. One of the few reported failures of a 
strongpoint when being proof tested occurred when the 
strongpoint was lap welded onto a specially built test rig. 
Initially, cracking occurred in the lap weld at the end away 
from the pull. Distortion of the strongpoint base plate 
followed which resulted in further stress concentrations 
and finally failure of the connection of the strongpoint to 
the base plate. 
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A number of strongpoints, have been submitted mounted 
on a pedestal or plinth. These arrangement are usually 
proposed for the forward end of the vessel and appear to be 
intended to allow the pull on the chafing chain to run 
parallel to the deck. Whilst this is a requirement for SPM 
arrangements, it is not required for emergency towing 
arrangements, and in fact by increasing the length of the 
lever on which the tow pulls, it also increases the loads 
transmitted to the deck. 
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11 Special Considerations 
for Systems which 
Incorporate a Deck or 
Shell Penetration 


Due to space constraints in way of the mooring 
arrangements at the aft end of some ships, it has been found 
necessary by some owners/operators to stow their towing 
pennant below the weather deck. In order to incorporate 
this arrangement safely there are a number of options 
available: 

e Fully enclose the storage reel in a watertight compartment 

below deck. 
e Arrange seals at the deck opening. 


The most desirable option is to locate the pennant in a 
watertight compartment below deck which is only 
accessible from the weather decks. This is analogous to the 
arrangements for chain lockers at the fore end. 


If the ship has a poop deck then an alternative is to arrange 
a structure on the weather deck which utilises a number of 
coamings. Figure 31 shows such a system. This system is 
similar to the arrangements made for ventilators, vent 
pipes etc.. 


Water tight door 


Towing pennant stowed below 
poop deck 


Figure 31 
Pennant stowed below poop deck 
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A common approach is to arrange a pipe from the below 
deck stowage of the pennant to the bearing surface of the 
strongpoint, so that the only opening providing access 
below decks is the hole in the strongpoint through which 
the towing pennant passes. Before deployment a number of 
rubber gaskets arranged around the towing pennants and 
large quantities of grease /bitumen/ tallow ensure the water 
tight integrity of the fitting. When deployed, there will be a 
significant force, possibly as much as one or two hundred 
tonnes, pulling the stopper at the end of the towing 
pennant, against the strongpoint. This high load ensures 
that there is little possibility of water getting through 
the penetration, especially if a seal is arranged between the 
bearing surfaces. 


Maintaining a tight seal before the tow is deployed is 
difficult. Some systems are designed with a cover plate 
which has to be opened to allow connection of the 
messenger to the towing pennant, as part of the deployment 
procedure. 
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12 Emergency Towing 
Systems for Ships below 
20000 Tonnes DWT 


LR has learned that some operators of tankers less than 
20000 tonnes DWT are investigating the installation of an 
emergency towing system in order to reduce their insurance 
premiums. 


Some state administrations within the USA have additional 
requirements over and above those of MSC 35(63) and as a 
result, LR has received an enquiry regarding the type 
approval for an emergency towing system for ships of less 
than 20000 tonnes DWT. 


The problem associated with this does not lie in appraising 
the structure, but in determining an appropriate load to 
apply. The client is requested to specify the load, however, 
it must be stressed that if at some future stage international 
legislation is passed for emergency towing arrangements 
for ships of less than 20000 tonnes DWT, then there is no 
guarantee that the previously type approved arrangements 
would still be acceptable. 
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13 Alternative Uses of 
Emergency Towing 
Systems 


13.1 Use as Fittings for Towing other Ships 


LR has been requested by an operator of a small fleet of 
tankers, tasked with supporting their country's armed naval 
forces, to allow the use the emergency towing arrangement 
fitted to the aft end of his tankers for towing other vessels. 


It is not an emergency situation when an oil tanker attends 
another vessel with the intention of providing towing 
services. Therefore it is not considered appropriate to only 
appraise emergency towing arrangements, against the 
Rules and guidance notes published by LR for emergency 
towing arrangements, for use by the ship they are fitted to 
for towing other vessels. They should also be appraised 
against the requirements for towing equipment detailed in 
Part 4 Chapter 2 of the Rules which relate to the design and 
construction of Tugs. 


It should be noted that for an existing arrangement already 
fitted to the ship, instead of assigning a specific bollard pull 
and designing the structure around that requirement, a 
reverse engineering process needs to be used to assess the 
safe towing load that the system can accept. 


This procedure only applies to ships which are intending to 
tow other ships on a regular basis. 


13.2 For Dual Use with a Single Point 
Mooring 


A common request from owners/operators is for the 
emergency towing arrangement forward to be used as part 
of a single point mooring arrangement. Although this is 
possible there are a number of problems associated with it. 


There is a basic incompatibility in the strength requirements 
for single point mooring systems and emergency towing 
arrangements for ships below 50000 tonnes DWT. For a 
single point mooring the strength required is 200 tonnes, 
whereas for an emergency towing arrangement this 
reduces to 100 tonnes. Also the acceptance stress criteria 
differ. 


The submitted arrangements, including below deck 
structure must be assessed against both sets of requirements. 


The operating principle of a single point mooring is that 
the tanker approaches the mooring buoy and recovers the 
mooring equipment from the buoy, which is then attached 
to the strongpoint. The tanker supplies no mooring 
equipment (chain, wire, etc.) This type of arrangement is 
quicker to rig, than the alternative one of breaking the 
anchor cable and connecting that to the buoy. However, it 
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does require that the strongpoint is free of obstructions and 
available for use. MSC 35(63) requires that the emergency 
towing arrangement forward is pre-rigged and in the case 
where the strongpoint acts as a combined emergency 
towing and single point mooring strongpoint it is 
acceptable to disconnect the chafing chain just before going 
to a single point mooring and reconnecting it immediately 
after departing. 
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14 Special Procedures 
where LR is not 
Authorised to Issue the 
SAFCON Certificate 


In most cases, LR is authorised to issue SAFCON 
certificates. However, where LR is not authorised to issue 
statutory certification on behalf of the flag administration, 
LR is only responsible for the ship's structure and 
connections to the ship in way of emergency towing 
strongpoints and not for the components themselves. 


In these cases, details of the structure in way of the 
emergency towing strongpoints and fairleads are to be 
submitted for appraisal with details of the equipment to 
be fitted for information purposes only. The ship’s structure 
is appraised in accordance with the guidance notes in the 
usual way. 


It should be confirmed that the statutory flag 
administration consider that the fitted emergency towing 
system is acceptable. The statutory authority is also 
responsible for conducting the deployment test. 
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15 Dynamics of Drifting Oil 
Tankers 


One aspect of interest is the dynamics of a drifting tanker 
and the deployed buoy and messenger. Ideally, once 
deployed, the buoy and messenger will take up position 
clear of the tanker where they can easily and safely be 
picked up without endangering either the attending vessel 
or its crew. 


Although there are a number of facilities available for 
conducting experiments into the dynamic behaviour of 
ships under the influence of both wave and wind, there 
does not as yet appear to have been any specific 
investigation aimed at this. 


If it is assumed that the messenger will act as a sea anchor 
for the buoy and will drift at a slower rate than the ship it 
is attached to, it is possible to make a few general 
assumptions as to where the buoy will be expected to take 
up station relative to the ship. 


Broadly speaking there are three ways the ship can drift 
under the influence of wind broadside, astern and ahead — 
see Figures 32, 33 and 34. It can be assumed that the ship, 
messenger and buoy will be equally affected by the tide or 
other bodily movement of the sea and therefore these can 
be discounted from consideration. 


Although the ships illustrated in Figures 32 to 34 show 
messengers and buoys deployed from both the fore and aft 
ends, it should be remembered that MSC 35(63) only 
requires a buoy and a messenger to be fitted to the aft end 
of the vessel. 


The worst case is when the ship is moving astern under 
the influence of the wind. The ship will initially drift over 
the buoy and messenger, possibly fouling it in either the 
propeller or rudder. If the messenger and buoy are 
streamed without fouling, then they are likely to lie close in 
alongside the ship's hull. 


Under adverse weather conditions, the master of a ship 
attending a disabled tanker, on observing the buoy drifting 
alongside the vessel, and after consideration of the 
prevailing weather conditions, may decide that the risk to 
his ship and crew in recovering the buoy is too great. 


Under some weather conditions it may be possible to 
launch a boat and use that to recover the messenger and 
buoy. 


One option is to ensure that the messenger is of sufficient 
length for the buoy to float clear of the disabled tanker with 
enough clearance to allow an attending ship to recover it 
and manoeuvre clear without breaking the messenger. As 
far as is known, no operator has fitted a long enough 
messenger for this to be achieved. 
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Another alternative is to design the buoy so that it will tend 
to sail, under the influence of the prevailing wind into a 
position clear of the disabled ship. Again it is understood 
that there is no work currently being undertaken to develop 
such a buoy, although at least one university does possess a 
facility for the development of such a device. 


Figure 32 
Ship drifting broadside under influence of wind 


Figure 33 
Vessel moving astern under influence of wind 


Figure 34 
Ship moving ahead under influence of wind 
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16 Conclusion 


This type of Paper which describes systems and 
procedures, does not lend itself to the drawing of 
conclusions, however, it is worth reiterating that an 
estimated one hour and twenty minutes elapsed between 
the STAR SIRIUS arriving on the scene and a helicopter 
being dispatched to the BRAER with appropriately trained 
personnel to assist in connecting the tow. Bearing in mind 
that the BRAER ran aground only twenty four minutes after 
the helicopter took off, it is not unfair to assume that once 
the men were in place on the BRAER, there was only a time 
frame of three or four minutes in which to establish an 
effective tow. It is considered that, had the BRAER been 
fitted with an emergency towing system in accordance with 
MSC 35(63), the STAR SIRIUS could possibly have 
established an effective tow in the time available. 


LR’s involvement in the fitting of emergency towing 
arrangements is a clear example of LR pursuing its declared 
mission of safety. The satisfactory installation of a suitable 
emergency towing arrangement can only enhance the safety 
of the ship and its crew by substantially reducing the time 
required for an attending ship to establish an effective tow 
to take charge of the disabled tanker. 


Although, to date, an emergency towing arrangement has 
not been used during a real emergency, it is the Author’s 
considered opinion that the systems type approved by LR 
and the arrangements fitted to ships classed with LR will be 
effective. 


If over a period of time it is demonstrated that the fitting of 
an emergency towing arrangement significantly reduces 
the number of lives, ships and cargoes lost at sea then a case 
could be made to fit them to ships other than only strictly 
oil and chemical tankers and gas ships. 
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Appendix A 


MSC 63/23/ADD.1 


Resolution MSC 35(63) 
(adopted on 20th May 1994) 


Adoption of Guidelines for Emergency Towing Arrangements 
on Tankers 


The Maritime Safety Committee 


Recalling Article 28(b) of the Convention on the International 
Maritime Organisation concerning the functions of the 
Committee. 


Recalling also that the Assembly, at its thirteenth session, when 
adopting resolution A.535(13) concerning Recommendation 
on emergency towing requirements for tankers, requested the 
Committee to keep the Recommendation under review, in 
particular in respect to new towing concepts which may be 
introduced and to report as necessary to the Assembly. 


Noting that tankers, including oil tankers, gas carriers and 
chemical tankers, in emergencies such as complete 
mechanical breakdowns, may need to be towed out of 
danger, and that technologically advanced towing 
arrangements have been developed since the adoption of 
resolution A.535(13), whose provisions need revision to 
incorporate new towing concepts. 


Noting also that the new regulation V/15-1 of the 
International Convention for the Safety of Life at Sea, 1974, 
as adopted by the Committee in May 1994, requires that all 
tankers of not less than 20,000 tonnes deadweight shall be 
fitted with an emergency towing arrangement, the design 
and construction of which shall be approved by the 
Administration based on the Guidelines developed by 
the Organisation. 


Having considered the recommendation made by the Sub- 
Committee on Ship Design and Equipment at its thirty- 
seventh session. 


1. Adopts the Guidelines for Emergency towing 
Arrangements on Tankers, the text of which is set out 
in the Annex to the present resolution and which 
supersedes resolution A.535(13); 


N 


Recommends that all Governments concerned take 
appropriate steps to implement the Guidelines. 
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Annex 


Guidelines for Emergency Towing Arrangements 
on Tankers 


1. Purpose 

1.1 Under regulations V/15-1 of the 1974 SOLAS 
convention, as amended by resolution MSC.31(63) in 
1994, new and existing tankers of 20,000 tonnes 
deadweight and above shall be fitted with an 
emergency towing arrangement, the design and 
construction of which shall be approved by the 
Administration, based on the Guidelines developed 
by the Organisation. 

1.2 The present Guidelines are intended to provide 
standards for the design and construction of emergency 
towing arrangements which Administrations are 
recommended to implement. 

1.3. For existing tankers fitted with the emergency 
towing arrangements in accordance with Resolution 
A.535(13), the existing towing arrangements 
forward of the ship may be retained, but the towing 
arrangements aft of the ship should be upgraded to 
comply with the requirements of the present 
Guidelines. 


Pas Requirements for the Arrangements and 
Components 

2.1 General 
The emergency towing arrangements should be so 
designed as to facilitate salvage and emergency 
towing operations on tankers primarily to reduce 
the risk of pollution. The arrangements should at all 
times be capable of rapid deployment in the absence 
of main power on the ship to be towed and easy 
connection to the towing vessel. Figure A-1 shows 
arrangements which may be used as reference. 

2.2 Towing Components 
The major components of the towing arrangements 
should consist of the following:- 


Forward of | Aft of Strength 
Ship Ship Requirements 
Yes = 


Pick-up gear 


Optional 


Towing pennant | Optional Yes Yes 


Chafing gear Yes Depending 


on design 


Fairlead Yes Yes 


Strongpoint Yes Yes 


Roller pedestal Yes Depending 


on design 


2.3 Strength of the Towing Components 

2.3.1 Towing components as specified in 2.2 for strength 
should have a working strength of at least 1,000 KN 
for tankers of 20,000 tonnes deadweight and over 
but less than 50,00 tonnes deadweight, and at least 
2,000 KN for tankers for 50,000 tonnes deadweight 
and over (working strength is defined as one half 
ultimate strength). The strength should be sufficient 
for all relevant angles of towline, ie up to 90° from 
the ship's centreline to port and starboard and 30° 
vertical downwards. 
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2.3.2 Other components should have a working strength 
sufficient to withstand the load to which such 
components may be subjected during the towing 
operation. 

24 Length of Towing Pennant 
The towing pennant should have a length of at least 
twice the lightest seagoing ballast freeboard at the 
fairlead plus 50m. 

25 Location of Strongpoint and Fairlead 
The bow and stern strongpoint and fairleads should 
be located so as to facilitate towing from either side 
of the bow or stern and minimise the stress on the 
towing system. 

2.6 Strongpoint 
The inboard end fastening should be a stopper or 
bracket or other fitting of equivalent strength. The 
strongpoint can be designed integral with the 


fairlead. 
27 Fairleads 
2.7.1 Size 


Fairleads should have an opening large enough to 
pass the largest portion of the chafing gear, towing 
pennant or towing line. 

2.7.2 Geometry 
The fairlead should give adequate support for the 
towing pennant during towing operation which 
means bending 90° to port and to starboard side and 
30° vertical downwards. The bending ratio (towing 
pennant bearing surface diameter to towing pennant 
diameter) should be not less than 7 to 1. 

2.7.3 Vertical Location 
The fairlead should be located as close as possible to 
the deck and, in any case, in such a position that the 
chafing chain is approximately parallel to the deck 
when it is under strain between the strongpoint and 
the fairlead. 

2.8 Chafing Chain 
Different solutions on design of chafing gear can be 
used. If a chafing chain is to be used, it should have 
the following characteristics: 

2.8.1 Type 
The chafing chain should be stud link chain. 

2.8.2 Length 
The chafing chain should be long enough to ensure 
that the towing pennant remains outside the fairlead 
during the towing operation. A chain extending 
from the strongpoint to a point at least 3m beyond 
the fairlead should meet this criterion. 

2.8.3. Connecting Limits 
One end of the chafing chain should be suitable for 
connection to the strongpoint. The other end should 
be fitted with a standard pear-shaped open link 
allowing connection to a standard bow shackle. 

2.84 Stowage 
The chafing chain should be stowed in such a way 
that it can be rapidly connected to the strongpoint. 

2.9 Towing Connection 
The towing pennant should have a hard eye-formed 
termination allowing connection to a standard bow 
shackle. 

2.10 Prototype Test 
Designs of emergency towing arrangements in 
accordance with these Guidelines should be prototype 
tested to the satisfaction of the administration. 
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Ready Availability of Towing Arrangements 3.1.3 The forward emergency towing arrangement should 


3.1 To facilitate approval of such equipment and to be capable of being deployed in harbour conditions 

ensure rapid deployment, emergency towing in not more than 1 h. 

arrangements should comply with the following 3.14 The forward emergency towing arrangement should 

criteria: be designed at least with a means of securing a 
3.1.1 The aft emergency towing arrangement should be towline to the chafing gear using a suitably 

pre-rigged and be capable of being deployed in a positioned pedestal roller to facilitate connection of 

controlled manner in harbour conditions in not more the towing pennant. 

than 15 min. 3.1.5 Forward emergency towing arrangements which 
3.1.2 The pick-up gear for the aft towing pennant should comply with the requirements for aft emergency 

be designed at least for manual operation by one towing arrangements may be accepted. 

person taking into account the absence of power and 3.1.6 All emergency towing arrangements should be 

the potential for adverse environmental conditions clearly marked to facilitate safe and effective use 

that may prevail during such emergency towing even in darkness and poor visibility. 

operations The pick-up gear should be protected 3.2. All emergency towing components should be 

against the weather and other adverse conditions inspected by ship personnel at regular intervals and 

that may prevail. maintained in good working order. 

Towed vessel 
Strongpoint 
Towing pennant 
Chafing gear 
Fairlead Towing connection Tk 
Pick up gear 
5192/1 
Marker buoy 

Figure A-1 


Typical emergency towing arrangements 
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Appendix B 


Resolution A535(13) 


Extracts from the requirements of Resolution A.535(13) are 
included for information purposes, specifically when 
considering the acceptability of arrangements at the fore 
end of tankers, when no proposal has been submitted for 
appraisal for compliance with MSC 35(63) 


B.1 
B.1.1 


B4 
BA 


B.5 
B5.1 
B5.1.1 
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Application 

All tankers of 50,000 tonnes deadweight built after 
17 November 1983 should be fitted with an 
emergency towing arrangement at bow and stern. 
All tankers greater than 100,000 tonnes deadweight 
built before 17 November 1983 should have been 
fitted with an emergency towing arrangement at 
bow and stern by the first scheduled drydocking 
after the 17 November 1983 or at least by 
17 November 1988. Each towing position should be 
fitted with a strongpoint, chafing chain and fairlead. 
Strength of Towing System Components 
Towing system components (Strongpoint, Chafing 
chain, fairlead and supporting structure) should 
have a working strength of at least 2000 Kn (working 
strength is defined as one half ultimate strength). 
The strength should be sufficient for all angles of 
towline up to 90 degrees from the ship's centreline. 
Location of Strongpoint and Fairlead 

The bow and stern strongpoint and fairleads should 
be located so as to facilitate towing from either side 
of the bow or stern and minimise the stress on the 
towing system. The axis of the towing gear should as 
far as practicable, be parallel to and not more than 
1.5 metres from either side of the centreline. The 
distance between the strongpoint and the fairlead 
should be not less than 2.7 metres and not more than 
5 metres. 

Strongpoint 

The towing connection should be a stopper or 
bracket or other fitting of equivalent strength and 
of connection to the satisfaction of the 
administration. 

Fairleads 

Size 

Fairleads should have an opening large enough to 
pass the largest portion of the chafing chain, towing 
pennant or The minimum 
opening should be an oval with horizontal axis at 
least 600mm and vertical axis of 450 mm. 

Type 

Fairleads should be constructed so that the chafing 
chain will be constrained within the fairlead during 
the towing operation. 

Geometry 

Fairleads should be configured to avoid the risk of 
fouling when a strain is taken on the chain and to 
minimise the reduction in strength of the chafing 
chain when the chain is at 90 degrees to the fairlead. 
The ratio of the fairlead chain bearing surface 


ease 


other connections. 


B.6 
B.6.1 
B.6.1.1 


B.6.2 
B.6.2.1 


B.6.3 
B.6.3.1 


B.o4 
Bo4.1 


B.7 
B7.1 


diameter to chain diameter should be at least 7 to 1. 
The outboard lips of the fairleads should as far as 
practicable be flush with the bulwarks. The inboard 
end of the fairlead should be fitted to avoid fouling 
of any part of the towing system under load or when 
being handled. 

Vertical Location 

The fairleads should be located as close as possible 
to the deck and, in any case, in such a position that 
the chafing chain is approximately parallel to the 
deck when it is under strain between the strongpoint 
and the fairlead. 

Chafing Chain 

Stowage 

The chafing chain should be stowed in such a way as 
to be rapidly connected to the strongpoint. 

Length 

The chafing chain should be long enough to ensure 
that the towing pennant remains outside the fairlead 
during towing operations. A chain extending from 
the strongpoint to a point at least 3 metres beyond 
the fairlead should meet this criterion. 
Construction 

The chafing chain should be 76mm in diameter, 
grade U3 stud link chain. 

Connecting Links 

One end of the chafing chain should be suitable for 
connection to the strongpoint. The other end should 
be fitted with a standardised pear shaped open link 
with the dimensions shown in Figure 10. 

Fittings for Connection 

Tankers should be fitted in the bow and stern with 
suitable fittings that facilitate passing the towing 
pennant from the rescue vessel using the rescue 
vessels power. 
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Description of Product 


Details of approval 


Application 


Producer/Licence No. Type 


Emergency towing bracket for gas, chemical and 
petrochemical tankers. 


HUDSON 
(deck mounted) 


(bulwark mounted) 


Chain Stopper and 


AKD Engineering Ltd, 100T Bow and stern emergency towing bracket. 
Salisbury Road, 200T SWL (1) DWT 
Lowestoft, 100 20,000 to 50,000 
Suffolk, NR33 OHD, 200 50,000 to 350,000 
England. 

200 Te SWL Deck and Bulwark Mounted fairleads for 

emergency towing systems. 

Ansell Jones, 100 Tonne Smit Brackets. 
Walstead Road West, 200 Tonne SWL (1) Chain size (mm) 
Walsall, 100 54 
West Midlands, WS5 4AZ, 200 76 
England. 

MISSISSIPPI Deck and bulwark mounted fairleads for 


emergency towing systems. 
SWL (KN) Opening (mm) 
2000 600 x 450 
2000 600 x 450 


Single point tongue type chain stopper. 


Plinth SWL (le): 200 and petrochemical tankers. 
Chain Size (mm): 76 
Bridon Offshore Systems Limited, Forward or Aft emergency towing arrangement Marine use for tankers up to 50,000 t dwt. Expires: 29 July 2001 96/00053 
30, Eben Street, for tankers. Pennants supplied to be 
Sheffield, SWL (1) DWT (1 Marine use for tankers over 50,000, t dwt. provided with valid certification 
South Yorkshire, S9 1BH, Bridon ETS 20, 4000 kN € 50,000 from a recognised authority 
England. Bridon ETS 50. 2000 kN > 50,000 Both in accordance with IMO Resolution confirming the required 
MSC 35(63). Minimum Actual Breaking 
Load of twice the required 
system working strength. 
Constech Shipping SA, CM 1000 Emergency towing arrangement. For use on gas, chemical and petrochemical Expires: 6 October 2001 96/00091 
11, Mavrokordatou Str., and Strongpoints. tankers. 
peat: 1000 20,000 to 50,000 
2000 2 50,000 


Remarks 


Cert. No. 


Expires: 27 May 2001 


96/00033 


For use with emergency towing arrangements for 
gas, chemical and petrochemical tankers from 
20,000 to 350,000 DWT. 


Emergency towing arrangements for gas, 
chemical and petrochemical tankers 


Expires: 8 September 2001 


96/00077 


Expires: 10 September 2001 


Fairleads for emergency towing systems for gas, 
chemical and petro-chemical tankers. 


For emergency towing system for gas, chemical 


Expires: 4 November 2001 


96/00079 


96/00102 


Expires: 17 April 2002 


97/00042 
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Producer/Licence No. 


Fukushima Ltd., 

9-80 Mikawakita-machi, 
Fukushima-city, 
Fukushima-Pref, 

Japan. 


Karmoy Winch AS, 
Bygnes, 

PO Box 160, 

4251 Kopervik, 
Norway. 


Leenstra Machine-en 
Staalbouw B.V., 
Postbus 9, 

9200 AA Drachten, 
The Netherlands. 


130652, 
330345 


130657, 
330346 


ETS 100 
ETS 200 
ETS 100 
ETS 200 


Description of Product 


FH10F 
FH20F 


Forward emergency towing arrangement 
comprising fairlead/strongpoint, chafing chain 
with chain stopper and pedestal roller. 


Working strength (KN): 1000 
Proof test load (KN): 2000 


Aft emergency towing arrangement comprising 
fairlead/strongpoint, towing pennant with storage 
drum and pick-up gear with storage box. 


Working strength (KN): 1000 
Proof test load (kN): 2000 


Forward emergency towing arrangement 
comprising fairlead, strongpoint, chafing chain, 
chain stopper and pedestal roller. 

Working strength (KN): 2000 

Proof test load (kN): 4000 


Aft emergency towing arrangement comprising 
fairlead, strongpoint, towing pennant with storage 
drum and pick-up gear with storage box. 
Working strength (KN): 2000 

Proof load test (KN): 4000 


Emergency towing arrangement for tankers. 


Emergency towing arrangement for tankers. 


Full bow and stern emergency towing system. 
SWL (T) DWT 

100 20,000 to 50,000 
200 50,000 to 350,000 


Full bow and stern emergency towing system. 
SWL (T) DWT 


100 20,000 to 50,000 
200 50,000 to 350,000 


Marine use for tankers of 20,000t dwt and over 
but less than 50,000t dwt. 


Marine use for tankers of 20,000t dwt and over 


but less than 50,000t dwt. 


Marine use for tankers of 50,000t dwt and over. 


Marine use for tankers of 50,000t dwt and over. 


Emergency towing system for gas, chemical and 


petrochemical tankers greater than 50,000 t dwt. 


Emergency towing system for gas, chemical and 
petrochemical tankers greater than 20,000 tons 
dwt but less than 50,000 t dwt. 


Emergency towing system for gas, chemical and 
petrochemical tankers. 


Emergency towing system for gas, chemical and 
petrochemical tankers. 


Expires: 23 September 2001 


Expires: 30 September 2001 


Expires: 13 October 2001 


Expires: 13 October 2001 


Expires: 28 May 2001 


Expires: 6 March 2002 


96/10027 
96/10029 


96/00057 
96/00059 


96/00035 
(E1 


97/00024 


© eo Oo oO 


Description of Product 


86-L66L WoIssas *¢ “ON 4advg :uOLjIDOSSY JUIUYIaT YY 


Producer/Licence No. Application Remarks Cert. No. 
Maritime Pusnes AS, ETS 100-D Forward or Aft mounted Emergency Towing Marine use for emergency towing of tankers Expires: 29 July 2001 96/00054 
P.O. Box 102, Arrangement. greater than or equal to 20,000 tonnes dwt. but Refer to Certificate for Other 
4818 Faervik, Storage drum on deck. less than 50,000 tonnes dwt. Conditions. 
Norway. Working strength: 1000kN 
Marine use for emergency towing of tankers 
ETS 200-D ce BONS gute greater than or equal to 50,000 tonnes dwt. 
Working strength: 2000kN 
Marlow Ropes Ltd, Emergency Towing Systems incorporating: Emergency towing system for chemical and Expires: 26 September 2001 96/00086 
Diplocks Way, Smit bracket, petro-chemical tankers. 
Hailsham, Panama deck chock, 
East Sussex, BN27 3JS, Bulwark chock, 
England. Roller Pedestal fairlead, 
Chafe chain, 
Licence L96/00089 Shackle, 
Towing pennant, 
Steelite messenger line, 
Bow shackle, 
Marker buoy c/w strobe light, 
Storage box. 
SWL (kN) (DWT) 
METS 1000 1000 20,000 to 50,000 
METS 2000 2000 50,000 to 350,000 
Mitsui Zosen Chiba Kiko MMF-100 Forward emergency towing arrangement Marine use for tankers of 20,000 t dwt and over Expires: 6 June 2001 96/10022 


Engineering Inc., 
1987-1 Nakamura-bldg., 
Gosho, 


MMF-200 


MMA-200 


comprising fairlead/strongpoint, chafing chain 
with chain stopper and pedestal roller. 


fairlead/strongpoint, towing pennant with storage 
drum and pick-up gear with storage box. 


Work load: 1,000 KN 
Proof test load: 2,000 kN 


Forward emergency towing arrangement 
comprising fairlead/chain stopper, chafing chain 
and pedestal roller. 
Work load: 

Proof test load: 


2,000 kN 
4,000 kN 


Aft emergency towing arrangement comprising 
fairlead/strongpoint, towing pennant with storage 
drum and pick-up gear with storage box. 


Work load: 2,000 KN 
Proof test load: 4,000 KN 


but less than 50,000 t dwt. 


; : Work load: 1,000 kN 
lonihare-city, Proof test load: 2,000 kN 
Chiba-Pref, 
Japan. MMA-100 Aft emergency towing arrangement comprising Marine use for tankers of 20,000 t dwt and over 


but less than 50,000 t dwt. 


Marine use for tankers of 50,000 t dwt and over. 


Marine use for tankers of 50,000 t dwt and over. 
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Producer/Licence No. 


Type 


Description of Product 


Details of approval 


=a 


Posidonia Srl, 

Via Giovanni Da Verazzano, 12, 
16165 Genova, 

Italy. 


Rapp Bomek A/S, 
Post-box 369, 
8001 Bodo, 
Norway. 


Scanrope AS, 
P.O. Box 295, 
Sentrum, 
Banebakken 38, 
N-3101 Tonsberg, 
Norway. 


Tateno Manufacturing Co. Ltd., 
17-3, Toriham-cho, 
Kanazawa-ku, 

Yokohama, 

Kanagawa Pref., 

Japan. 


Heracles 2000 


ETE HERMES 
1000 
ETE HERMES 
2000 


Heracles 1000 


ETS 2000/SPD, 


ETS 2000/SPT, 


ETS 2000/SPC. 


Wire ETS 2000 
Wire ETS 4000 
Fibre ETS 2000 
Fibre ETS 4000 


Application 


Remarks 


Cert. No. 


Emergency towing system with combined Emergency towing system for gas, chemical and Expires: 2 October 2001 96/00089 
strongpoint, fairlead and drum system. petro-chemical tankers. 

Safe working lead (KN) 2000 

Rating (tons DWT) 50,000 to 350,000 

Emergency Towing System with combined Emergency towing system for gas, chemical and Expires: 6 November 2001 96/00103 
strongpaint, fairlead and drum system. petro-chemical tankers. 

Safe Working Load (KN) DWT 

1000 20,000 to 50,000 

2000 50,000 to 350,000 

Emergency towing system with combined Emergency towing system for gas, chemical, Expires: 3 June 2002 97/00073 
strongpoint, fairlead and drum system. petro-chemical and oil tankers. 

Safe working load (kN): 1000 

Rating (tons DWT): 20,00 to 50,000 

Forward or Aft mounted Emergency Towing Marine use for emergency towing of tankers Expires: 29 July 2001 96/00055 
Arrangement. greater than or equal to 20,000 tonnes dwt. but Refer to Certificate for Other 

Working strength: 1,000 kN less than 50,000 tonnes dwt. Conditions. 

Emergency Towing System Emergency Towing System for gas, chemical and Expires: 13 January 2002 97/00002 
SWL (kN) DWT petrochemical tankers 

1000 20,000 to 50,000 

2000 50,000 to 350,000 

1000 20,000 to 50,0000 

2000 50,000 to 350,0000 

Forward emergency towing arrangement Marine use for tankers of 20,000 t dwt and over Expires: 25 January 2001 96/10002 


comprising fairlead/strong pint, stopper point, 
chafing chain and pedestal roller. 


Work load (KN): 1000 
Proof test load (kN): 2000 


Aft emergency towing arrangement comprising 
fairlead/strongpoint, stopper ring, towing pennant 
with storage drum and pick-up gear with storage 
box. 


Work load (kN): 1000 
Proof test load (KN): 2000 


but less than 50,000 t dwt. 


Marine use for tankers of 20,000 t dwt and over 
but less than 50,000 t dwt. 
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Description of Product 


Producer/Licence No. Type Details of approval Application Remarks Cert. No. 
continued TK40F Forward emergency towing arrangement Marine use for tankers of 50,000 t dwt and over. 
Tateno Manufacturing Co. Ltd., comprising fairlead, chain stopper, chafing chain 
17-3, Torinam-cho, and pedestal roller. 
KRaneizewe-ku, Working load (kN): 2000 
a ols Proof test load (kN): 4000 
Kanagawa Pref., 
Japan. TK40A Aft emergency towing arrangement comprising Marine use for tankers of 50,000 t dwt and over. 
fairlead/strongpoint, stopper ring, towing pennant 
with storage drum and pick-up gear with storage 
box, 
Working load (KN): 2000 


Proof test load (KN): 4000 


Turners Marine Trading Ltd, Emergency towing arrangements for tankers, Emergency Towing Equipment for Tankers, in Expires: 28 May 2001 96/00034 
Unit 2, consisting of the following components: accordance with IMO Resolution MSC.35(63) 
Burn Haugh Industrial Estate, 100 tonne SWL Smit Type Chain Stopper 
Burn Lane, 204 tonne SWL Panama Chock Bulwark Mounted 
Hexham, Fairlead 
Northumberland, NE46 3HN, 204 tonne SWL Panama Deck Chock Fairlead 
England. 102 tonne SWL Panama Chock Bulwark Mounted 
Fairlead 


102 tonne SWL Panama Deck Chock Fairlead 
200 tonne SWL Smit Type Chain Stopper 
Strongpoint 

100 tonne SWL Chain Stopper Strongpoint (bolted) 
200 tonne SWL Chain Stopper Strongpoint (welded) 
200 tonne SWL Chain Stopper Strongpoint (bolted) 
204 tonne SWL Emergency Tow Hook 


Verto Touw Holland B.V., ETS 100 Full bow and stern emergency towing system. Emergency towing system for gas, chemical and Expires: 6 March 2002 97/00023 


Postbus 9076, ETS 200 SWL (1) DWT petrochemical tankers. 
3007 AB Rotterdam, 100 20,000 to 50,000 
The Netherlands. 200 50,000 to 350,000 


Vryhof Ankers BV, ETS-100/Fibre Emergency towing arrangements for tankers. Emergency towing arrangements for gas, Expires: 22 January 2002 97/00006 
Meerkoestraat 83a, ETS-200/Fibre SWL (kN) DWT chemical and petro-chemical tankers. 
PO Box 105, ETS-100/Wire 4000 20,000 to 50,000 
2920 AC Krimpen a/d lJssel, ETS-200/Wire 2000 50,000 to 350,000 
The Netherlands. 1000 20,000 to 50,000 
2000 50,000 to 350,000 
Willem Pot B.V., WPETS 1000 Fore or aft emergency towing system Emergency towing system for seagoing vessels. Expires: 23 October 2001 96/00099 
Stationsplein 45, WPETS 2000 SWL (kN) DWT See Other Conditions on 
PO Box 29102, 1000 20,000 to 50,000 Design Appraisal Document 
3001 GC Rotterdam, 2000 50,000 to 350,000 No. 96/00099 
The Netherlands. 
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Synopsis 


The purpose of this Paper is primarily to give guidance to 
any LR Surveyor who finds himself involved in any 
linkspan related work. 


The Paper starts by giving brief details of LR’s involvement 
up to the Ramsgate Linkspan trial, the subsequent Linkspan 
Review and the publication of the new stand-alone Rules 
and Regulations for the Classification of Linkspans. 


Details and a number of examples are given of the wide 
range of linkspan types and their associated common 
features. 


The classification procedure is described, including details 
of the design aspects that need to be considered, together 
with the survey regimes. 


Some of the common problems encountered during a 
number of unscheduled linkspan inspections are described. 
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1. Introduction 


1.1. History of LR involvement with 
linkspans 


LR initially became involved with linkspans about twenty 
five years ago mainly because of its knowledge of floating 
structures and pontoons. In the early days LR was 
requested to Class only the pontoon element of the linkspan 
in a number of instances. 


Up until 1997 the average number of linkspans Classed or 
certified remained fairly steady at about four each year. 
This figure appears to be about to increase significantly in 
1998. Historically only a relatively small proportion of 
linkspans have remained in Class as the following figures 
indicate: 


Installations built to and maintained in class 24 
Installations built to and withdrawn from class 37 
Installations certified but never classed 41 
Installations currently being classed 18 


Total 120 


At first the linkspans were simply assessed against the 
requirements for pontoons within the Rules for Ships. A 
new Chapter specific to linkspans was added to these Rules 
in 1985 and this has remained unaltered until this year, 
1998. The original Linkspan Rules, which were in 
themselves very brief, cross-referenced to other parts of the 
Rules for Ships and also to LR’s Code for Lifting Appliances 
in a Marine Environment. 


1.2 Subsequent linkspan review 


LR carried out an extensive review, between March and 
August 1997, of its involvement with linkspans world- 
wide. All linkspans with which LR had any involvement 
were identified and a review of the plans was carried out. 
Subsequently the large majority of the operators of these 
linkspans were contacted and LR offered to carry out an 
unscheduled inspection of the facility concentrating on the 
supporting mechanism and the tethering arrangements. 


The majority of the owners and operators took up the offer 
and linkspans on five continents were visited by at least one 
of the three Authors of this Paper. Local surveyors also 
accompanied them in the majority of cases. Subsequently 
reports were issued to the operators which in a significant 
number of cases contained recommendations for repairs to 
be carried out. On some Classed installations, Conditions of 
Class were imposed. It was generally found that the 
Classed installations were in better condition than those 
which were no longer in Class. 


The review also demonstrated that there was scope for 
improved guidance for our Surveyors in order to assist 
them in their surveys of linkspans. This Paper will 
hopefully go part of the way to address that aspect together 


with the new stand-alone Rules and Regulations for the 
Classification of Linkspans and the two day course for field 
Surveyors mentioned below. 


1.3. New Rules and Regulations for the 
Classification of Linkspans 


Up to the end of 1997, the Rules for Linkspans were 
contained in Chapter 7, Part 6 of the Rules for Ships. A 
significant amount of relatively complicated cross- 
referencing was required to apply the Rules and they were 
criticised by expert witnesses and counsel during the 
Ramsgate trial for their lack of clarity. 


It was decided, as one of the conclusions of the Linkspan 
Review, that there was a need for a complete re-write of 
these Rules so that a number of elements could be 
addressed and these included: 


e Minimal cross referencing 

e Explanation of LR’s responsibilities 

e Explanation of the client’s responsibilities 

e Definition of what is Classed and what is not 
e Clarification of the loads to be considered 


The new Rules and Regulations for the Classification of 
Linkspans were drafted by the Authors of this Paper 
between August and December 1997. Advice was given by 
a number of LR departments on areas where they had 
special expertise. 


A special Sub-Committee of the LR Technical Committee was 
selected from all sides of the linkspan industry, including 
designers, builders, consultants, operators and shipowners. 
The Sub-Committee made numerous written comments on 
the original draft which with the written replies totalled over 
two hundred pages. The Sub-Committee met in December 
1997 and the final amend-ments were agreed. At the General 
Committee meeting in December 1997 the Chairman of the 
Technical Committee together with the Chairman of the Sub- 
Committee were empowered to approve the final version of 
the new Rules. The Rules were approved and were 
published in January 1998. Relevant sections of the new 
Rules are discussed later in this Paper. 


1.4 CIRIA research project RP572 


As a result of the Ramsgate Linkspan trial, linkspan operators 
have been trying to establish what it is they will have to do in 
the future to comply with all aspects of current legislation, 
including the Health and Safety at Work Act (1974) and the 
Construction (Design and Management) Regulations (1994) 
in respect of their operation of linkspans. The Construction 
Industry Research and Information Association (CIRIA) 
Research Project RP572 has been set up: 


“To produce an authoritative best practice guide for procurement, 
operation and maintenance of ship to shore linkspans and 
walkways having regard to the requirements of relevant laws, 
including, but not limited to, the Health and Safety at Work etc. 
Act, the Construction (Design and Management) Regulations, 
the Supply of machinery (Safety) Regulations, the Provision and 


Use of Work Equipment Regulations, the Docks Regulations and 
to relevant Standards.” 


The Ports Safety Organisation and the ports industry generally, 
the HSE, DETR, insurers and LR have contributed both to the 
costs involved and in providing advice and information to the 
appointed research contractor, Posford Duvivier. The guide is 
scheduled to be published before the end of 1998. 


1.5 Statutory requirements 


It is believed that there are currently no_ statutory 
requirements anywhere in the world which are specific to 
linkspans. In this country the Docks Regulations (1988) place 
specific obligations on port operators and the Health and 
Safety at Work Act places general obligations on all 
organisations which have an “undertaking” which might 
involve a linkspan. The Construction (Design and Manage- 
ment) Regulations (1994), which came into effect in March 
1995, place some specific obligations in respect of 
construction work. 


Apart from the LR Rules for Linkspans it is believed that 
there are no other design standards, rules or guidelines 
which are specific to the design of these facilities. It is 
possible to utilise certain parts of published standards for 
some of the elements which make up a linkspan. It can, 
however, be said with certainty that there is no other 
published document available today, other than the new 
Rules and Regulations for the Classification of Linkspans, which 
addresses the whole facility. 
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i 2 What iS rs Linkspan D, Guide Pile: A single tubular pile driven into the 


sea bed to which the linkspan facility 
is connected as a part of the tethering 
arrangements. 

Dolphin: A structure fabricated from a 
number of piles driven into the sea 
bed to which the linkspan facility is 
connected as a part of the mooring or 
tethering arrangements. 

Pile/Dolphin Guide A structure connected to the linkspan 

or Yoke: which encapsulates the guide pile 
or dolphin. 


2.1 Definition 


The term linkspan has numerous interpretations within the 
marine industry. For LR’s purposes a linkspan has been 
defined as follows: 


Linkspans are non-self-propelled marine facilities, sited 
at fixed locations normally within protected waters, for 
the transfer of vehicles and/or passengers between the 
shore and ship or other craft. 


Shore ramp Ramp end flap 


For the purposes of this definition a linkspan may be: 


e a floating structure, a structure supported by non- 
buoyant means, or a combination of both. 


- e linked to the shore by a single or multiple system of 
bridges, ramps or walkways. 


4S seccee 


Mooring 
e held on station by a mooring system or a tethering cables 
arrangement consisting of a system of guide-piles or 


dolphins, or other tethering arrangements. Loading ramp 


2.2 Parts of a linkspan 


Pasenger walkway 


A : Ramp end flap 
The following terms may be encountered. Due to the 4 


variation in designs no single facility will necessarily 
contain all the components listed below and illustrated in 
Figure 1. 


Bank 


Guide pile 
seat 


Pontoon: A buoyant marine type structure 
providing primary support for the 
linkspan facility. 

Buoyancy Tank: A buoyant structure, which may be 
submerged, contributing to the Yoke pie 

we primary support of the linkspan * 
facility. 

Shore Ramp: A bridge or ramp type structure 
linking the shore to the facility. SUS Cah eae 

Loading Ramp: A ramp type structure linking the 
facility to the berthed vessel. This 
could be either directly from the 
shore or from a buoyant facility to 
the ship. 

Ramp End Flap: A flap hinged to one end of a ramp 
providing a transition between the 
shore ramp and quay, the shore ramp 
and pontoon or the loading ramp 
and the berthed vessel. The ramp 
end flap is proportionately short in 
comparison to the ramp. 

Passenger walkway: A dedicated walkway, separate to 
any vehicle roadway, for use by 
passengers, crew or other personnel 
for boarding a ship. 

= Bank Seat: The part of the quay on which the Figure 1 
= shore ramp is located. Component Parts 


Shore ramp 


Loading 
ramp 


Buoyancy 5592/05 
tank 
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3. Types of Linkspan 


A number of factors influence the type of linkspan chosen 
for a particular site and these include: 

e rise and fall of tide 

e size, type of ship 

e type of traffic 

e environmental considerations 


Ease of operation, ease of maintenance or familiarity with 
other similar designs may also influence an operator's final 
selection of a particular design. 


Linkspans may be divided into a number of distinct types 
determined by their primary support mechanism: 

e Independent pontoon 

e Integrated pontoon 

e Non-buoyant 

e Hybrid 


Within each type the overall design of the facility may be 
further determined by its intended usage: 

e Passengers only 

e Vehicles only 

e Passengers and Vehicles 


A further division of each type is determined by the 
number of tiers of ramps provided: 

e Single tier 

e Double tier 


There is insufficient space in this Paper to discuss all 
possible types and variations of types of linkspan currently 
in service. The following discussion, therefore, aims to give 
only a broad idea of the range of designs to be found, from 
the simplest to the most complex, and indicating the types 
of features most commonly encountered within these 
designs. 


It should be noted that whilst linkspans are usually 
designed for a particular trade, service and/or vessel type, 
these frequently alter in the lifetime of the linkspans, 
necessitating modifications which could radically alter 
the original design. 


3.1 Independent pontoon and ramps 


This includes those structures which consist of an 
independent inherently stable pontoon and separate ramp 
structures. 


3.1.1 Pontoon and Shore Ramp 

(pedestrian/single tier type) 
The simplest linkspan consists of a pontoon connected to 
the shore by a ramp. This design is most commonly seen as 
a passenger ferry boarding pontoon in ports or rivers and is 
also typical of the type of facility found in most yacht 
marinas. 


The pontoon may be of modular construction with identical 
pontoon sections or “floats” bolted or hinged together. The 
shore ramp, typically an open lattice type structure, may be 
hinged at the bank seat or the pontoon. The shore ramp 
may be arranged over the side or end of the pontoon to suit 
the installation site. The facility is held on station by guide 
piles and yokes, or where currents are stronger, by dolphins 
and yokes. This type of facility usually serves a dedicated 
ferry service and will not normally have any ballast 
systems. An example of this type is shown in Figure 2. 


Figure 2 
Blackwall Jetty linkspan, River Thames 


3.1.2 Pontoon and Shore Ramp 

(vehicle/single tier type) 
A heavier duty version of the above “pontoon and shore 
ramp” arrangement capable of handling vehicles which 
may include 42 tonne articulated lorries, fork lift trucks and 
MAFI trailers is illustrated in Figure 3. 


This type of facility will usually be supported by a substantial 
compartmentalised pontoon built to shipbuilding standards. 
To facilitate handling of road vehicles, the pontoon deck will 
be strengthened and provided with a suitable surface to 
ensure tyre grip is maintained. Variations in tidal height or 
stern door threshold heights may be accommodated by 
provision of a raised vehicle deck or superstructure, often 
canted down at the seaward end to accept vessel stern ramps 
deployed at various angles of incidence. The shore ramp may 
be hinged at the bank seat or the pontoon. Where the facility 
is close moored to the quay the shore ramp is typically of 
deep side girder construction. Where tidal variations require 
the pontoon to be moored off the quay, the longer span length 
of the shore ramp usually dictates an open lattice type 
structure, or possibly a box beam construction. The shore 
ramp may be arranged over the side or end of the pontoon or, 
in some cases, at an angle over one or other quarter to suit 
local site considerations. Mooring arrangements may be 
provided by guide 
alternatively, a system of mooring arms and bollard clamps, 


piles/dolphins with yokes or, 
and/or mooring ropes, or chains making use of existing quay 
mounted mooring features. In the latter case, the facility is 
sometimes intended to be movable within its service port and 
may be floated and readily reinstalled at other suitable sites as 
and where required. Where this is a feature of the design, the 
shore ramp will be hinged at the pontoon end and may be 
supported by suitable transit props from the pontoon deck. In 
such movable designs the provision of a specially constructed 
bank seat at the installation site may be unnecessary, the shore 
ramp being arranged to rest directly on the quay with the 
minimum of preparation. In permanently installed facilities 
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Figure 3 
“Combi Gran” - Gavile, Sweden 


the bank seat may also act as one of the components of the 
mooring arrangements. This type of facility will be provided 
with a ballast system capable of adjusting both freeboard and 


trim to provide berthing facilities for a range of vessels. 


his type of design is usually dedicated to vehicle usage. 
Provision of passenger gangways onto the facility is only 
for the linkspan operators or personnel involved in cargo 
handling. Where passenger boarding facilities are also 
required this is invariably provided by a separate passenger 
gangway arranged further along the quay, or may be 
cantilevered off the side of the shore ramp. 


3.1.3 Retractable Pontoon and Shore Ramp 
(vehicle/single tier type) 

Where a single installation is required to serve a range of 

visiting Ro-Ro cargo vessels having differing stern and 

quarter ramp arrangements the provision of a linkspan 

facility with a retractable pontoon may be considered as 

shown in Figure 4. 


This design will usually have a shore ramp hinged at the 
bank seat whilst the seaward end of the shore ramp will be 
provided with wheels, rollers or bogies, possibly running 
on pontoon mounted rails. A continuous chain or wire rope 
and winch provides the motive power to extend and 
withdraw the pontoon under the shore ramp. The mooring, 
arrangements will have to be such that the pontoon is 
allowed to move longitudinally within its berth but is still 
held on station. 


Figure 4 
Hessanatie i Terminal, Antwerp 
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3.1.4 Pontoon, Shore Ramp and Loading Ramp 
(vehicle/single tier type) 

In ports with larger tidal variations and to improve 

flexibility of operation and minimise facility down time 

between vessel berthings, the ballast system may be 

supplemented by a second ramp, the loading ramp, 


arranged over the seaward end of the pontoon, see Figure 5. 


he overall design of this type is essentially similar to the 
“pontoon and shore ramp” type. The additional loading, 
ramp, which is generally raised or lowered by hydraulic 
cylinders, allows the linkspan to accept a wider range of 
ships with varying stern door threshold heights without the 
need to re-ballast or trim the pontoon. The speed of 
adjustment of the loading ramp is much quicker than that 
provided by the ballast system alone. Ballast systems will 
still be provided to allow the ballast and trim of the 
pontoon to be optimised for the vessels using the facility. 


As with the “pontoon and shore ramp” type the shore ramp 
may be hinged at the bank seat or the pontoon. These 
facilities are usually held on station by the arrangements 
already described in 3.1.2. 


Figure 5 
Aberdeen Eurolink 


This type of design is usually dedicated to vehicle usage. 


See 3.1.2 concerning possible provision of gangways. 


3.2 Integrated pontoon and ramps 


This type of linkspan includes those which consist of a 
single integral buoyancy tank or pontoon and shore ramp 


structure. 


3.2.1 Integral Buoyancy Tank/Shore Ramp 
(vehicle/single tier type) 

Recognising potential advantages for purpose built 

facilities rather than those adapted from existing 

technology, designers have developed what may be 


regarded as specialised linkspans. 


This type of design differs from the “pontoon and shore 
ramp” in providing access from shore to ship over a single 
un-articulated roadway. In effect the whole facility is 
hinged at the bank seat which offers a substantial part of 
the primary support for the installation. The seaward end 


of the linkspan is supported by an integrated buoyancy 
tank located under the seaward end of the shore ramp. This 
buoyancy tank is relatively small and is often only sized to 
provide support to the unloaded shore ramp. Adjustment 
of the seaward end of the shore ramp to accommodate 
vessels with different stern door threshold heights is 
carried out by ballasting the buoyancy tank until the 
required freeboard is reached. In some designs this 
adjustment is effected by a bell structure built into the 
underside of the buoyancy tank, entrapped water being 
displaced by compressed air. When the vessel is berthed the 
seaward end of the shore ramp is connected to the vessel 
through a system of pendant wires or chains which then 
partially support the seaward end of the linkspan. These 
pendants are usually connected to a system of gimbals and 
hydraulic cylinders which allow adjustment of the seaward 
end of the linkspan relative to the vessel as loading and 
unloading progresses and the tide changes. 


An alternative support arrangement favoured in some designs 
is that of a load carrying hook extended hydraulically from the 
seaward end of the linkspan which connects in a 
corresponding locating socket at the stern of the berth vessel. 
Both of these methods require the berthed vessel to contribute 
to the operation of the facility by supporting a proportion of 
the live load . These linkspans are limited to use by dedicated 
vessels. Since the connection to the berthed vessel is essential 
for the operation of the linkspan, provision may be required to 
allow vessels of differing breadth to be berthed in line with the 
connection features. As the vessel must be berthed securely 
against an immovable quay or dolphins, this necessitates 
movement of the linkspan laterally to correspond with the 
centreline of the berthed vessel. This can be effected by an 
adjustment beam arranged at the seaward end of the linkspan. 
Typically working ona rack and pinion basis this beam allows 
the seaward end of the linkspan to be moved laterally to the 
desired position. In some designs this lateral movement is 
accommodated at the bank seat by allowing the hinge to rotate 
additionally in the horizontal plane. In other designs the bank 
seat hinge is allowed to slide laterally along a bearing tube so 
that the whole linkspan moves sideways by the same amount 
at both ends. The shore ramp will typically be constructed as 
an enclosed boxed structure with the road surface on top. (See 
Figure 6). Compartments built into the shore ramp may be 
used as buoyancy tanks required to allow the linkspan to be 
floated (or, more likely, in this particular type, inverted on its 
own roadway) from the builder to the installation site. 
Following installation, a proportion of these tanks towards the 
shoreward end may then be used for ballast to stop the bank 
seat end of the shore ramp from lifting as a result of errant 
waves or heavy berthing forces. Since the bank seat hinge 
forms one of the elements of the tethering arrangement, this 
type of design will usually only require a single guide 
pile/dolphin towards the seaward end on the installation to 
which the adjustment arm will be linked by a yoke. 
Dependent upon the freeboard adjustment method, the 
facility may be provided with a ballast system. A compressed 
air system may be used for this function. 


This type of design is usually for vehicle usage but 


passenger access may also be incorporated using a 
cantilevered walkway. See also 3.1.2. 
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Figure 6 
Cork Harbour Linkspan 


3.2.2 Integral Pontoon/Shore Ramp 

(vehicle/single tier type) 
In an effort to eliminate the limiting constraints of the 
previously described type with its reliance on the berthed 
vessel during operation, designs have been developed to 
include a full size pontoon integral with the shore ramp in 
place of the smaller buoyancy tank as illustrated in Figure 7. 


This design is fully self supporting and does not rely on the 
berthed vessel for any support. As a result, the connection 
features such as pendants, gimbals and extendible hook are 
not needed. The absence of these features and the need to 
align the linkspan with the ship to effect this connection 
also mean that the adjustment beam and more complicated 
bank seat hinge arrangements are eliminated. The deck of 
the integral pontoon forms the broadened seaward end of 
the shore ramp and is wide enough to accommodate all 
expected vessels using the facility without the need to 
adjust the linkspan in the lateral direction. The seaward end 
of the pontoon is often sloped down to accept vessel stern 
ramps. The shore ramp will typically be constructed as an 
enclosed pontoon type structure. Compartments built into 
the shore ramp may be used as buoyancy tanks required to 
allow the linkspan to be floated from the builder to the 
installation site. Following installation, a proportion of 
these tanks towards the shoreward end may again be used 
for ballasting purposes. Tethering in addition to the bank 
seat hinge, is usually effected with a single guide 
pile/dolphin and yoke. Alternatively these linkspans may 
be held on station by a mooring system of chains and wires. 
This type of design will include a substantially sized ballast 
system often consisting of up to four pumps and capable of 
altering the freeboard from maximum to minimum within 
five to ten minutes. 
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Figure 7 
St. Peter Port, Guernsey 


This type of design is usually for vehicle usage with 


passenger access as previously described in 3.1.2. 


3.2.3 Articulated Buoyancy Tank/Shore Ramp 
(pedestrian and vehicle/double tier type) 

This recent design works on similar principles to the 

“integrated buoyancy tank/shore ramp” and allows 

loading/unloading of vehicles over the lower shore ramp 

with passenger access over high level walkways, all 

contained within a single installation. 


This design differs from the “integrated buoyancy 
tank/shore ramp” in that the buoyancy tank is attached to 
vertical columns from which both the lower shore ramp 
and upper ramp are pin jointed. The lower vehicle ramp 
and the high level walkways are hinged at a lower and 
upper bank seat respectively. The whole installation is then 
allowed to act as a pin jointed mechanism with the 
horizontal and vertical elements working in parallel as the 
seaward end of the facility descends with the falling tide, 
similar to a pantograph. The buoyancy tank is only sized to 
support the unloaded facility. Connection of a berthed ship 
to the seaward end of the facility is essential for cargo 


loading /unloading. 


An example of this new design, as shown in Figure 8, has 
the main vehicle deck, consisting of four vehicle lanes and 
a central service lane, arranged at the lower level with two 
high level passenger walkways. 


Figure 8 
HSS 1500 Linkspan, Dun Laoghaire 


Li echnical seoc uta acaner Kine Gener 997208 


3.3 Non-buoyant types 


This type includes those which have a single or multi- 
segment ramp structure which relies on non-buoyant 
support provided from the quay, or gantries fixed to the 


seabed 


3.3.1 Non-buoyant Loading Ramp 
(vehicle/single tier type) 

In the simplest form this type of linkspan consists of a 
loading ramp hinged at the bank seat and supported at the 
seaward end from the adjacent quay or specially 
constructed abutments as shown in Figure 9. The loading 
ramp is typically of a flush deck type construction with 
underside deep side longitudinals and intermediate 
stiffening or corrugation. Being a relatively simple 
engineering structure, variation in design is mostly seen in 
the support method utilised at the seaward end. Early 
designs have favoured the support and adjustment of the 
seaward end of the loading ramp using a system of wire 
hoists suspended from a portal structure. This portal 
structure acts as a machinery platform for the related 
electrical equipment, winch motors, rope drums, drum 
brakes and control cabin. More recent designs have tended 
to favour hydraulic lifting cylinders. In some designs the 
portal structure may be retained as a structural cross brace. 
A simpler design eliminates the portal structure by 
arranging the lifting cylinders to be pinned at the lower 
ends of the cylinder casing. The operating method 
associated with these designs may vary. In one type the 
height of the ramp must be adjusted without any live load 
on the ramp. Pins are then extended into sockets in the 
quay wall, abutments or portals and it is these pins which 
will support the ramp together with its live load during 
operation. The interval of height adjustment of the ramp is 
therefore determined by the number of sockets provided. 
Where pins are fitted these are not always used to carry the 
live load and are sometimes provided only for the 
“parking” of the ramp in sockets, usually at its upper limit 
of travel, following departure of a vessel, or for securing the 
ramp during maintenance or repair of the wire hoists or 
hydraulic system. Lifting cylinders may be arranged one 
either side or in pairs. Balance systems are provided in the 
hydraulic systems to ensure that the ramp is lifted evenly at 


each side. 


It is possible that some designs may have wire hoists or 
hydraulic systems sized to carry the live load without the 
need for load bearing pins to be deployed. Dependent on 
the load bearing capacity of the wire hoists or hydraulic 
system, the ramp might even be allowed to be adjusted for 
height with live loads on it. Any design of this type should 
be regarded as a lifting appliance and as such should have 
clear requirements and operational limitations in respect of 
markings, safe working loads, proof load tests and 
periodical re-tests in accordance with established lifting 
appliance practice. 


This type of design is usually for vehicle usage with 


passenger access as previously described in 3.1.2. 
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Figure 9 
Gijon Linkspan 


3.3.2 High-level Non-Buoyant Loading Ramp 
(pedestrian/single tier type) 

This is one of the linkspan types that has more variety in 
design than any other. Typically found at passenger ferry 
berths these facilities are designed to provide high level 
pedestrian access directly to the accommodation and 
passenger decks of today’s generation of high sided Ro-Ro 
passenger ferries and cruise vessels. Usually arranged to 
give access over the vessels’ side, some installations of this 
type, however, are arranged to give access over the ends of 
the vessels. 


The essential part of any of these designs is a high level 
platform from which a boarding ramp may be deployed onto 
the appropriate deck of the berthed vessel. Where the high 
level platform is of the fixed type, the boarding ramp will be 
hinged at the platform end and of sufficient length to allow a 
low gradient approach to the berthed vessel. If the berth is 
required to accommodate a range of vessels with varying 
freeboards, boarding deck levels or a high tidal range, the 
high level platform will require to be set well back on the 
quay to allow for the required length of the boarding ramp. 
A system of wire hoists or hydraulic cylinders will be 
provided to allow adjustment of the boarding ramp to the 
appropriate deck level and to facilitate the removal of the 
boarding ramp clear of the vessel during berthing 
manoeuvres. Where the passenger terminal is sited 
immediately adjacent to the berth, the high level platform 
may be built directly into an upper floor of the terminal 
building. The high level platform may itself be height 
adjustable by means of a hydraulic system or screw jacks. 
This arrangement aims to give a low gradient approach to 
the vessel over a relatively short boarding ramp. In this 
design the high level platform may, therefore, be located 
close to the side of the quay. The boarding ramp will be 
hinged at the high level platform or retractable to clear the 
vessel during berthing manoeuvres. To maintain a low 
gradient approach on the passenger terminal side of the high 
level platform, the shore ramp, will require to be relatively 
long where such a facility serves high sided vessels 


Both the shore ramp and loading ramp are usually 
constructed as open lattice type structures. To provide 
suitable weather protection to passengers, these lattice 
structures are often enclosed at the roof and sides using 
light cladding materials. The high-level platform may also 


be enclosed in a similar way. Due to the nature of side 


12 


access doors on vessels, the loading ramp will be of the type 
that rests on a vessel's deck edge. As such, the lifting or 
retracting mechanisms need only support the unloaded 
weight of the ramp. In some designs the entire high level 
platform, shore ramp and boarding ramp are arranged on 
rails and are able to be moved along the quay in a similar 
fashion to a dockside crane in order to provide access at 
different locations along the quay. Other variations 
incorporate an elongated high level platform along which 
the boarding ramp may be moved to provide access at 
different locations along the quay. 


Figures 10 and 11 illustrate these arrangements 


Figure 10 
Ostend Terminal 3 


Figure 11 
ABP Hull Scissor Lift 
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3.3.3 High-level Non-buoyant Loading Ramp 
(vehicle/single tier type) 

This type of linkspan is usually mounted on the quay 

alongside the berthed vessel allowing vehicular access 

through an upper deck side door. This design is uncommon, 

as it is dependent on the berthed vessel having suitable side 

doors, a feature rarely found in more recent designs of short 


voyage Ro-Ro ferries 


\s with the high-level pedestrian boarding ramp, the 
essential feature of this type of installation is a high-level 
platform from which a loading ramp may be hinged or 
extended to reach the berthed vessel. To accommodate a 
range of vessels on a single berth the high-level platform 
will be height adjustable. As an alternative to wire hoists or 
hydraulic cylinders adjustment of the platform height can 
be provided for by a system of screw-jacks arranged at each 
corner of the high-level platform. The shore ramp may be 
hinged at the quay or more usually at the high-level 
platform to minimise discontinuity at the ramp/platform 
interface. Some loading ramps may be moved 
longitudinally along the high-level platform to suit 
different berthed vessels (See Figure 12). The platform, 
shore ramp and loading ramp are typically of a flush deck 
type construction with underside deep side longitudinals 
and intermediate stiffening or corrugation. 


Figure 12 
Ostend Tidebridge 


This type of design is usually dedicated to vehicle usage. 


See 3.1.2. 


3.4 Hybrid types 


The hybrid types are those which consist of a combination 
of some of the features of those already outlined above. As 
such, each type does not clearly fall into one category or the 
other. 


3.4.1 Sunken Pontoon and Non-buoyant Loading 
Ramp (vehicle/single tier type) 


In an effort to take the best of the advantages from the non- 
buoyant loading ramp and still retain the potential mobility 
of the buoyant facility, a number of hybrid designs have 


been developed to combine these features. 
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In these designs a non-buoyant loading ramp arrangement 
consisting of the essential elements of a loading ramp, bank 
seat bearing, portal structure and lifting arrangements are 
all mounted on a large pontoon type structure. This 
pontoon is typically an open centred arrangement 
consisting of two longitudinal side pontoons and at least 
two cross pontoons fitted at either end. A heavy portal 
structure is constructed across the pontoons at the seaward 
end of the installation, while a platform is arranged at the 
shoreward end upon which the bank seat bearing is 
mounted and the loading ramp is hinged, an example of 
this type is shown in Figure 13. The whole structure is 
capable of being floated, either for initial delivery purposes, 
or for subsequent movement within the service port or even 
to another port. At the installation site, the seabed is 
specially prepared by dredging or blasting to provide a 
foundation shelf at the required depth and the pontoons are 
ballasted down to rest on the prepared foundation. The 
weight of the structure and the added ballast is sufficient to 
maintain the installation in place without the need for 
supplementary mooring arrangements. The ballast 
medium may be provided by sea water, fresh water or sand. 
The installation is linked to the quay by a short shore ramp. 
This can be arranged over the end or side of the facility to 
suit local site conditions. A side mounted shore ramp will 
invariably require a larger platform to allow vehicles to be 
turned on their approach to the loading ramp. 


= 
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Figure 13 
Dover No. 1 Linkspan 


This type of design is usually for vehicle usage. See 3.1.2. 


3.4.2 Non-buoyant Loading Ramp with Alternative 
Pontoon (vehicle/single tier type) 

In some cases an installation of the non-buoyant loading 
ramp type as described in 3.3.1 has been modified by the 
addition of a pontoon at the seaward end of the loading 
ramp. Vehicles are then driven from the loading ramp onto 
the pontoon before being loaded onto the vessels using the 
ships stern ramp. The pontoon is of sufficient size to 
support the loading ramp and its live load. By disconnecting 
the loading ramp lifting arrangements the loading ramp 
will follow the tide thereby eliminating the need for 
continual adjustment of the loading ramp height and the 
consequent interruption to loading operations, which is an 
important consideration on a busy berth with a large tidal 
range. This effectively converts the installation to the type 
described in 3.1.2. An example is shown in Figure 14. 
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Figure 14 
MacAndrews Terminal, Bilbao 


If desired the pontoon could be removed with the linkspan 
reverting to the type described in paragraph 3.3.1. 


This type of design is usually dedicated to vehicle usage. 
See 3.1.2 


3.5 Common features 


There are a number of common features that may be 
encountered on different linkspans, and some of these are 
described below. 


3.5.1 Shore Ramp/Bank Seat Connection 
Support or connection at the quay or bank seat may be 
typically provided by one of the following arrangements: 


Simple hinge 

Usually two or more hinge assemblies consisting of a hinge 
pin connected to the bank seat foundation or shore ramp by 
a central lug and supported at each side by cheek plates or 
side lugs. In this case the hinge pin is acting in double shear. 
Hinge pins are typically located by keep plates, collars or are 
fully welded to the central lug. In larger diameter pins oil or 
grease ways may be provided for lubrication. (Figure 15) 


Spherical bearing 
Where the nature of the design requires a degree of 
longitudinal twist to be accommodated in the ramp this is 


often satisfied by the provision of a single heavy duty 
spherical bearing located on the ramp centreline. This type of 
bearing acts as a universal joint and allows both vertical and 
transverse rotation within defined limits. Often a single 
spherical bearing is supplemented by two support bearings 
arranged at either side of the ramp to limit the overall 
transverse rotation of the ramp. These support bearings may 
simply take the form of a prop with a suitable bearing plate 
and do not require to be connected to the ramp structure as 


with the main bearing. (Figure 16) 


Figure 16 
Spherical bearing hinge 


Wheel/roller 

Where longitudinal movement is required and bearing 
loads are relatively low, the end of the ramp may be 
supported by two or more wheels or rollers. Wheels are 
typically connected to stub axles and retained in place by 
keep plates or collars. Rollers may be full ramp width, 
especially on smaller pedestrian ramps. The wheel or roller 
will be arranged to run on a suitable wear plate. 


Bogie assembly 

In heavy duty designs where longitudinal movement is 
required together with high bearing loads, the end of the 
ramp may be supported by a bogie assembly. This usually 
consists of two or more wheels or rollers arranged in line 
within a bearing assembly which itself is pin jointed to the 
end of the ramp. Each bogie assembly may be arranged to 
run on rails or wear plates as required. (Figure 17) 


Figure 15 
Simple bankseat hinge 
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Figure 17 
Bogie assembly 
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Figure 18 
Sliding pivot ramp foot 


Pivot/slide 

Where longitudinal movement is known to be small an 
arrangement may be adopted that utilises a sliding shoe 
which is pin jointed to the ramp. The bearing surface 
between the shoe and the wear plate may be lubricated by 
grease or make use of a low friction material such as PTFE 
or HDPE. In heavy duty designs the pin jointing of the shoe 
may be replaced by a knife joint which relies on the ramp 
weight to prevent becoming detached. An advantage of a 
knife joint is that minimal maintenance is required 
compared to a more traditional pinned hinge. This is useful 
feature where the bank seat and hinge assembly is 
immersed at high tide. (Figure 18) 


Bearing tube 

his arrangement consists of a large diameter tube usually 
extending the width of the ramp. The tube is usually 
secured to the bank seat by a seating bolted and grouted 
into the concrete. Wear plates fitted to the underside of the 
ramp rest directly onto the top of the bearing tube and the 
end of the ramp is allowed to rotate about the bearing tube 
as the linkspan moves. In some designs the weight of the 
ramp is sufficient to maintain the bearing contact. In most 
cases, however, precautionary vertical constraint is provided 
in the form of fabricated clamps connected to the ramp and 
encircling the ends of the bearing tube. In some designs this 
arrangement is inverted, the wear plates being fitted to the 
bank seat and the bearing tube being fitted to the underside 
of the ramp. (Figure 19) 


3.5.2 Ramp/Pontoon Connection 

Support or connection at the pontoon may be provided in a 
similar manner by one of those arrangements described in 
3.5.1. It should be noted, however, that it is most unlikely 
that longitudinal movement will be allowed for at both 
ends of a ramp. Additionally, provision for rotation about 
the vertical axis will be necessary as well as the transverse 
axis at a minimum of one end of the ramp. This is generally 
provided by a pintle arrangement. Examples of these 


connections are illustrated in Figures 20-26. 


Figure 19 
Bankseat bearing tube 
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Figure 20 
Simple hinge at ramp/pontoon connection 


Figure 21 
Spherical bearing on pontoon 
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Figure 22 Figure 25 
Wheel/roller assembly Pintle assembly 


A further type of connection on the pontoon is provided by 
a series of crutches into which the shore ramp is hinged @ 


Figure 23 Figure 26 
Heavy duty bogie assembly on pontoon deck Series of ramp crutches 


Figure 24 Figure 27 
Ramp sliding pivot foot on pontoon Open lattice bridge 
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3.5.3 Ramp Construction 
The type of ramp construction will be dependent on span 
length, ramp weight, and design live loads et 


lypical 
designs employed are as follows 


\ light weight structure for long span vehicle shore ramps o1 
passenger walkways giving minimal underdeck structure 
Lattice trusses may be of tubular or angle section. Jointing at 


lattice nodes may be welded or bolted. (Figure 27) 


Deep Side Girder 

\ heavy duty structure for vehicle ramps of intermediate 
spans and high vehicle weights. Primary longitudinal 
strength is provided by two deep “I - section” fabricated 
side girders arranged above and to either side of the 
roadway. These side girders may have webs two or three 


metres deep. (Figure 28) 


Figure 29 
Flush type ramp 


Figure 28 
Deep side girder ramp 


Flush type 

A variation of the deep side girder design where the primary 
longitudinal strength is provided by a combination of deep 
girders arranged below the roadway. Typically two deep 
side longitudinals are supplemented by longitudinal 
intermediate stiffening or corrugation. This design may 
have some disadvantages in certain locations where the 
quay to high water interval is relatively small. Continual 
immersion of the under ramp girder structure at high water 
may give rise to accelerated corrosion conditions which may 
compromise the strength of the ramp in the long term if not 
identified and repaired at an early stage. Application of 
suitable marine paint coatings will be essential in the case of 


designs operated in these conditions. (Figure 29) 


Enclosed box type 

A flush type ramp structure where the underside girder and 
stiffening structure has been totally enclosed to form 
potential buoyancy spaces or ballast tanks. This type of 
ramp may be provided where an integrated pontoon type 
linkspan is required to be delivered afloat. Internals of the 
ramp structure will be arranged in a similar fashion to that 
found in a vessel’s double bottom, with air pipes, 
ventilators and access manholes provided as required. 
(Figure 30) 
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Figure 30 
Box girder bridge 


Figure 31 
Short span ramp 


Flap type 

For short span ramps the structure provided may be little 
more than a flush ramp end flap type structure with simple 
underside stiffening. (Figure 31) 


3.5.4 Ramp End Flap Arrangement 

Ramp end flaps may be found located at the shore 
ramp/ quay interface, the shore ramp/ pontoon interface or 
at the seaward end of the loading ramp. The types of ramp 


end flaps typically seen fall into three principle groups 
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None provided 

At interface connections where the hinge design results ina 
close fit of road or walkway surfaces, there may be no need 
fora flap. Additionally at the seaward end of loading ramps 
which are intended to accept vessel stern ramps lowered 
onto the loading ramp (as opposed to those where the 
loading ramp is lowered onto the stern of the berthed 
vessel), flaps are not required. (Figure 32) 


Figure 32 
Ramp transition without flaps 


One piece 
At interface connections where minimal longitudinal twist 
is required to be accommodated in the ramp. (Figure 33) 


Multiple fingers 

At interface connections where a relatively large degree of 
longitudinal twist is required to be accommodated in the 
ramp. 


At the seaward end of loading ramps which are intended to 
be lowered onto the stern of the berthed vessel and is 
required to accommodate heel angles in the berthed vessel 
and/or the linkspan. (Figure 34) 


Articulated 

At interface connections where a relatively large degree of 
longitudinal twist is required to be accommodated in the 
ramp. Often provided as a combination of an inner one 
piece flap together with outer multiple fingers. 


Figure 34 
Multiple finger flaps 


At the seaward end of loading ramps which are intended to 
accept vessel stern ramps lowered onto the loading ramp 
and also where the loading ramp may be lowered onto the 
stern of the berthed vessel and is required to accommodate 
heel angles in the berthed vessel and/or the linkspan. In 
this design the ramp end flap is provided as a set of fingers 
articulated at mid length and deployed by a system of 
hydraulic cylinders connected to each finger. In the 
retracted (folded) position the fingers form a rigid end to 
the loading ramp onto which vessel stern ramps may be 
lowered. In the fully extended position each finger is free to 
rest on the stern of the berthed vessel and take up any 
discrepancy in heel angles. The hydraulic actuating 
cylinders are arranged to connect onto lifting beams rather 
than the fingers directly. These lifting beams are withdrawn 
after deployment of the fingers. This allows free movement 
of the extended fingers caused by the berthed vessel 
motions without having to work against the hydraulic 
pressure of the actuating cylinders. The sequence is 
illustrated in Figs. 35 to 37. 


3.5.5 Ramp Lifting Arrangements 

Wire hoist 

A system consisting of a single or multiple wire falls, blocks, 
sheaves, rope drums, winches and associated equipment 
similar to that found on a crane. This system will generally 
be associated with a portal structure arranged over the 
seaward end of the loading ramp with the falls attached to a 
main transverse member on the ramp. (Figure 38) 


Figure 33 
One piece flap 
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Figure 35 
Articulated flaps (folded) 
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Figure 36 
Articulated flap (opening) 


Figure 37 
Articulated flap (extended) 


Hydraulic 

A system usually consisting of a pair of long stroke 
hydraulic cylinders. The cylinders may be top hung from a 
portal structure or bottom mounted using a gimballed joint 
built into the lower end of the cylinder casing. Hydraulic 
cross-over devices to ensure level lifting of the ramp and 
over pressure relief devices actuated at the extremes of 
ramp travel will be a feature of these systems. With this 
type of design it is often possible to locate the hydraulic 
machinery, pumps, tanks and control panels in a quay 
mounted structure adjacent to the facility. (Figure 39) 


Figure 38 
Wire rope hoisted ramp 


Figure 39 
Hydraulically raised ramp 


Figure 40 
Screw jack 


Screw-jack 

Asystem consisting of vertical threaded columns rotated by 
motors together with pinions mounted on the ramp 
engaging in the column threads. (Figure 40) 


Manual 

Where ramp height adjustment is required to be carried out 
on a very infrequent basis, for instance where the tidal range 
in a port is very small, a powered adjustment system may be 
dispensed with as being overly expensive in comparison to its 
expected usage. In this case any ramp height adjustment 
found necessary may be effected by utilising an outside lifting 
appliance such as portable hydraulic jacks, a shore crane or a 
floating crane. In these designs the adjusted ramp is 
supported on a series of parking pins or sockets arranged at 
the required intervals. These pins will invariably be manually 
operated as well. (Figure 41) 


3.5.6 Mooring Arrangements 

Guide piles and yokes 

A tubular pile driven into the seabed to which the linkspan is 
a loosely connected by a yoke. The connection is such as to 
allow the linkspan to rise and fall freely with the tide. 
Movement of the guide pile within the yoke in the transverse 
direction should be minimal whilst movement in the 
longitudinal direction should be proportionate to that 


19 


Figure 41 
Ramp parking pins 


required to allow free movement over the designed tidal range 
and no more. Guide piles and yokes may be used in groups or 
in association with other mooring arrangements. Some larger 
pontoons are moored only to a small number of thick wall 
large diameter piles. Such piles are usually strengthened by 
filling with concrete. (Figure 42) 


Figure 42 
Guide pile and yoke 


Figure 43 
Dolphins and yokes 


Dolphins and yokes 

Where strong tidal or river currents have to be countered piles 
are often connected together in groups of two or more to form 
dolphins. The linkspan is also connected to the dolphin by 
yokes. Dolphins and yokes may be used in groups or in 


association with other mooring arrangements. (Figure 43) 


Mooring arms 

A system that makes use of existing quay side features such 
as mooring bollards to secure the linkspan. Usually two 
mooring towers are located towards either end of the 
linkspan pontoon deck. These towers consist of a vertical 
trackway and in the case of facilities required to cope with 
large tidal ranges will be braced back to the pontoon deck 
for added support. A wheeled yoke fitted to the mooring 
tower is connected to an adjacent mooring bollard on the 
quay side by an double articulated mooring arm such that 
the yoke will stay level with the bollard as the linkspan rises 
and falls with the tide. The mooring arm is secured to the 
quay side bollard by a bollard clamp. The whole assembly is 
kept level by a frame which holds the mooring arm at its 
optimum horizontal attitude and eliminates undesirable 
vertical forces at the yoke and bollard. Due to the inherent 
transverse and longitudinal movement allowed by this type 
of mooring, such mooring arms are usually supplemented 
by a system of wire mooring springs leading to other 
bollards along the quay. The advantage of this type of 
mooring is the ability to readily remove the linkspan facility 
to another site within the port with the minimum of 


preparation at the new installation site. (Figures 44 and 45) 


Figure 44 
Tubular mooring arms 
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Figure 45 
Mooring arm with column on pontoon deck 
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Used on their own, chains offer an alternative to mooring arms 
for use with linkspan facilities required to be readily removed 
to a new installation site and within a port with less severe 
tidal or river currents. Using a mooring spread made up from 
heavy gauge anchor chain connected between pontoon and 
quay side bollards or dolphins, the linkspan is held in place by 
the catenary effect of the suspended chains. Where a more 
secure mooring is required, catenary weights may be 
suspended from the mid length of the chains to increase their 
spring-like effect. Chains may also be used to supplement the 


mooring of semi-buoyant linkspans being lead to shore or to 


suitably located anchors on the seabed. (Figure 46) 


Figure 46 
Mooring chains 


Gravity types 

Linkspan types utilising a ballasted pontoon sunk onto the 
seabed usually have sufficient inertia and friction between 
the pontoon bottom and the seabed to be able to dispense 
with supplementary mooring arrangements such as chains 


or wires. (Figure 47) 


Figure 47 
Gravity type (pontoon ballasted onto seabed) 


3.5.7 Fendering Arrangements 
Where it is intended that ships will contact the linkspan 
during mooring operations fendering systems will be 


required to protect the linkspan 


However it should be noted that fendering systems are 


often not fitted to facilities where berthing contact is not 


intended. Many port operators maintain that if a fendering 
system is fitted the ships will make use of them. At many 
facilities ships berth several metres off the seaward end of 
the pontoon or loading ramps and rely on the ship’s own 
stern ramp or articulated linkspan loading ramp to bridge 
the gap. Notwithstanding the above, fenders are still 
frequently fitted to provide some degree of protection 
against accidental contact. The vessel itself will usually be 
moored to the adjacent quay or to specially provided 
mooring dolphins. Few linkspans are provided with 
mooring bollards and are not normally intended for 
mooring of the berthed vessel. Where fitted the appropriate 
size of fenders will be considered taking into account the 
ship’s normal maximum contact speed and its dis- 


placement to calculate its berthing energy. 


Excluded impact 

In this scenario the installation is protected against impact 
damage by ensuring that the berthing vessel may never 
contact the linkspan. This is achieved by locating 
substantial berthing dolphins or abutments off the seaward 
end of the linkspan against which the vessel must first 
impact and be brought to rest before any part of the vessel 
reaches the linkspan. In practice this arrangement is often 
used as part of the berthing arrangements. The dolphins or 
abutments are shaped on their inward faces to accept the 
forward or stern profile of the berthing vessel. The 
approaching vessel is gently nosed into the opening 
between the dolphins or abutments coming to rest at the 
correct distance from and alignment with the linkspan. In 
some rapid turn-round facilities these berthing arrange- 
ments may be the only arrangements provided. The 
berthed vessel is then held in position by maintaining 
forward thrust on the propellers, mooring lines being 
dispensed with. 


Seaward absorbed impact 

Here the berthing force is absorbed primarily at the 
linkspan/vessel interface. This is achieved by a system of 
fendering attached to the linkspan. Dependent upon the 
size of the vessel being provided for in the design, the 
fendering may simply be made up of wood or solid rubber 
strips located at contact sites on the seaward face of the 
linkspan. Where berthing forces are more heavy, a more 
substantial arrange-ment of extruded rubber fenders may 
be provided. The types of extruded rubber fender often 
found being used to protect quays have proved to be both 
popular and effective for use with linkspans. A commonly 
seen fender system consists of one or more rows of 
extruded rubber fender of a “V - form” section arranged in 
the horizontal plane, pointed end outwards. 


Some earlier designs have tried to absorb the berthing 
impact by a combined fender and inertial system. In these 
designs a substantial fabricated steel fender beam is 
suspended under the seaward end of the linkspan loading 
ramp. This beam traverses the entire width of the linkspan 
and may be up to approximately 2 metres square. The 
fender beam is suspended from the linkspan by a system of 
heavy chains arranged in a cross pattern. A number of 
fenders are fitted to the linkspan primary structure behind 
the fender beam. The system works by absorbing the 
berthing forces by converting the momentum of the 


berthing vessel into work being done to the fender bar to 
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Figure 48 
Seaward facing fenders 


displace its inertia against the suspension chains. Any 
remaining berthing forces are then absorbed by the rubber 
fenders, resulting in the forces transmitted to the linkspan 
primary structure being relatively small. This design 
requires the provision of the more complex fender bar and 
support arrangement but should allow the scantlings of the 
primary structure and their attachment to the quay, e.g. 
through the bank seat bearing, to be relatively light. 


Quay absorbed impact 

Alternatively, the berthing forces may be transmitted 
through the linkspan structure to be absorbed by the fender 
at the quay itself. Depending on the type of design this can 
be realised in several ways. 

Where independent pontoon type linkspans are moored 
alongside a quay, berthing forces may be absorbed by the 
mooring system itself. The linkspan pontoon is allowed to 
be displaced by the berthing forces, usually through a 
system of mooring chains or ropes. The spring like effect of 
the mooring elements is allowed to act on the installation in 
the same way as the mooring lines of a berthed ship hold 
that ship in place. 

In integral pontoon type linkspans the berthing force is 
usually absorbed at the bank seat by allowing the berthing 
forces to be transmitted along the integral shore ramp 
structure. Between the end of the shore ramp and the quay 
one or more Trellex or Yokohama fenders are arranged, 
allowing forces from the linkspan to be absorbed directly 
by the fender abuting the quay structure forming the 
vertical portion of the bank seat. This type of design 
requires a linkspan structure capable of transmitting the 
expected horizontal component of the berthing forces from 
the seaward end to the quay. Some designs supplement the 
bank seat fender arrangement with an angled bank seat 
shelf which carries the main support hinge on a slide plate. 
In this design part of the berthing force transmitted to the 
bank seat is absorbed by doing work to drive the linkspan 
hinge assembly up the slide plate. The steeper the slide 
plate the more work can be absorbed over a shorter 
horizontal displacement. In this type of design it is common 
to see one or more preventer chains or links deployed 
between the bank seat quay structure and the shoreward 
end of the linkspan to prevent that end of the installation 
sliding off the inclined bank seat shelf in the opposite 
direction. (Figure 49) 
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Figure 49 
Fenders between bridge and bankseat 


3.5.8 Preventer Chains 

Wherever the interface between primary structural 
elements of the linkspan or the linkspan/bank seat 
interface is of the unconnected type, the design may include 
the application of preventer chains. These preventer chains 
will be arranged and sized to ensure that, in the unlikely 
event of excessive longitudinal displacement of one or 
more primary structural elements of the linkspan, the 
separation of the interface joints are physically limited. 
Preventer chains are often used in conjunction with slide or 
roller assemblies where excessive longitudinal dis- 
placement may result in a ramp structure becoming 
unsupported at one or both ends. The potential risk of 
death, serious injury or damage to vehicles or the linkspan 
structure itself resulting from a ramp dropping off the end 
of its supporting structure can be very real in some designs, 
the more so where elevated transfer structures are 
employed. Preventer chains may work by either limiting 
the available travel at the interface to ensure that the ramp 
structure never becomes unsupported or, alternatively, to 
act as a safety device to limit the drop of the ramp should it 
become unsupported by exceeding the limit of its designed 
travel. (Figure 50) 


3.5.9 Ballast and other systems 

Buoyant linkspans often include a ballast system used to 
adjust freeboard, trim or heel. The capacity of any ballast 
system will largely be dependent on the range of vessels 
that the linkspan is designed to serve. Where short turn 
round times require to be accommodated together with a 
range of vessels having widely differing threshold heights, 
the ballast system will be designed with a high capacity. In 
some recent designs, systems have been fitted with up to 4 
high volume pumps capable of changing the freeboard at 
the seaward end of the installation over a height of up to 5 
metres within ten minutes. 


Hydraulic power packs together with associated hydraulic 
pumps, reservoirs, piping and actuating cylinders will be 
provided on installations wherever hydraulic systems are 
required to lift ramps or deploy ramp end flap fingers or 
parking pins. 
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Figure 50 
Preventer (safety) chains 


Electrical systems are usually confined to those required to 
support ballast or hydraulic systems together with lighting 
systems to illuminate enclosed spaces, such as pump rooms 
or operators’ control room, or overhead roadway lighting to 
allow round the clock operation. Buoyant linkspans capable 
of being relocated in other areas in the port or towed 
between ports will be fitted with navigation lights 
pertaining to a towed vessel of appropriate size. These 
navigation lights may also be fitted to facilitate initial 
delivery from the builders yard. Location or marker lights 
are now required by some port authorities and may be 
fitted to the perimeter or extremities of the installation to 
warn vessels navigating nearby. 


As linkspans are nearly always employed in port areas and 
connected to the shore, it is usual to supply auxiliary power 
on board through a shore supply. A few earlier designs have 
made provision for an auxiliary or emergency generator to 
be provided on the installation but this feature is not 
common in more recent designs. 
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4.1 General 


The new Rules and Regulations for the Classification of 
Linkspans have been written with the intention of 
providing a stand-alone set of Rules tailored to the specific 
requirements of linkspans. Previously, the Rules for 
linkspans were found in Pt. 7, Ch. 6 of the Rules and 
Regulations for the Classification of Ships. This brief 
chapter then cross referenced other parts of the Ship Rules 
and LR’s Code for Lifting Appliances in a Marine 
Environment (LAME). In this format it was found that there 
was potential for confusion over the specific application of 
some regulations, particularly those relating to the 
periodical survey requirements. Also, being contained 
within the Ship Rules , the application of these Rules to the 
non-buoyant types of linkspans has proved to be somewhat 
anomalous. 


The new Linkspan Rules address all these problems whilst 
adopting a general structure based on the Ship Rules. 
Specific areas of divergence from the more familiar Ship 
Rules are as follows: 


4.2 Conditions for Classification 


Assignment of Classification has been made conditional 
upon certain specific requirements and understandings 
having been met by the designers, builders, repairers, 
owners and operators of the linkspan, namely, the 
aforementioned parties are to: 


(a) bear the prime responsibility for all the safety-related 
aspects of the linkspan which fall within the scope of 
their intervention, 


(b) have fully acquainted themselves with the scope of 
these Rules and the associated obligations laid down 
therein, 


(c) have satisfied themselves that these Rules are 
sufficient for their purposes, 


(d) be aware of their obligations under all national and 
international codes and statutory requirements which 
may be applicable. 

The Rules are based on the understanding: 

(a) _ that the linkspan will, at all times, be properly loaded 
in accordance with the designer’s instructions and the 


loading conditions approved by LR. 


(b) that the linkspan will, at all times, be properly 
operated by trained and authorised personnel. 


(c) _ that the linkspan will be maintained by qualified and 
authorised personnel. 


23 


(d) that compliance with the Rules does not relieve the 
designers and/or builders/contractors of their 
responsibilities to their Client for compliance with the 
specification and the requirements for the overall 
design and in service performance of the linkspan. 


(e) that the linkspan will not be operated outside the 
parameters specified in the approval and in the class 
notation without the prior agreement of LR. 


The Linkspan Rules specifically excludes application to 
ship mounted ramps. The new Rules may not apply to 
ramps, bridges or walkways which are intended to be 
mechanically hoisted or lowered when loaded with 
vehicles or passengers. Ramps falling into the latter 
category will also have to be dealt with as lifting appliances 
and meet the appropriate requirements, including those of 
LR’s Code for LAME. 


4.3 Scope of Classification 


The Linkspan Rules concentrate on the elements of the 
linkspan installation that make up the pontoon or 
buoyancy tank, shore and/or loading ramp(s), hinge 
arrangements (including both those at primary structure 
interfaces and bank seats) yokes and engineering systems 
such as ballast, hydraulic and electric systems. The 
Linkspan Rules specify that Classification does not cover 
the civil engineering structures such as the quay structure, 
quay mounted fittings such as bollards, bank seat structure 
or guide piles/dolphins and anchor blocks. The stability of 
any pontoon is also excluded from the scope of 
classification. This is illustrated in Figure 51 where the 
lightly shaded components are those included in 
Classification. 


4.4 Classification procedure 


The classification procedure for new buildings is as 

follows: 

(i) Establish contact with LR’s client who might be either 
the designer, the builder, consultant, owner or operator. 

(ii) Co-ordination of LR’s contract to class the installation 
rests with the LAMH Department. 

(iii) Plan approval of all elements of the linkspan as required 
by the Rules and issue of design appraisal documents. 

(iv) Survey under construction at the builders and issue 
of factual statements. 

(v) Installation survey. 

(vi) Proof load and operational testing, issue of first entry 
report and interim certificates, provided all previous 
activities have been satisfactorily completed and 
there are no outstanding matters. 

(vii) Issue of Class Certificate from HQ. 

(viii) Once Classed, periodical surveys in accordance with 
the Regulations will be required. 


Alternatively, existing linkspans which have not been built 
to Class, will be considered for Classification subject to the 
requirement of Pt. 1, Ch. 2, Section 4.3. of the Linkspan 
Rules. 
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(a) Bankseat arrangement 


Pontoon Yoke 
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(b) Tethering to a guide pile 
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(c) Mooring system and anchor 


Figure 51 
Scope of Classification 


4.5 Character Symbols and Class 
Notations 


4.5.1 Character Symbols for Linkspans 

All linkspans, when classed, will be assigned a character of 
Classification comprising one or more character symbols as 
applicable, e.g. * AT. 


A full list of character symbols for which linkspans may be 
eligible is as follows: 


% Signifies the linkspan has been constructed under 
LR’s Special Survey and found to be in compliance 
with the Rules to the satisfaction of the Committee. 


A Signifies the linkspan has been found to have been 


built in accordance with LR’s Rules and maintained 
in accordance with the Rules. 
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T Signifies mooring or tethering equipment has been 
approved by LR as having been found in accordance 
with the Rules. 


4.5.2 Class Notations 

In general, linkspans complying with the requirements of 
the Rules will be eligible for one of the following 
appropriate class notations: 


‘« AT Passenger Linkspan for service at......... ‘ 
‘* AT Vehicle Linkspan for service at......... 
‘“% AT Passenger and Vehicle Linkspan for service at......... 
or, for non-buoyant Linkspans: 

‘ A Passenger Linkspan for service at......... 
‘* A Vehicle Linkspan for service at......... 
‘« A Passenger and Vehicle Linkspan for service at......... 


4.5.3 Other Notations 

“IWS. This notation (In-water Survey) may be assigned to a 
linkspan which has its under water surfaces coated with an 
approved high resistant paint and where the applicable 
requirements of LR’s Rules are complied with. 


4.6 Suspension of class 


Withdrawal or suspension of Class is applied under similar 
conditions to that for ships. However, the Linkspan Rules 
state that when it is found that a linkspan is being operated in 
a manner contrary to that agreed at the time of Classification, 
i.e. out with the approved design loadings and environmental 
conditions, the Class is liable to be suspended. Linkspans are 
assigned a Class Notation which normally specifies service at 
a designated location, sometimes a named berth, or 
alternatively allows more general service within a designated 
port area. Although not specifically stated in the Linkspan 
Rules, this implies that a linkspan that has been re-located to 
another berth within a port may be being operated outside its 
original approval. Unless the Class Notation allows for such 
general movement within a port area the Class is liable to be 
suspended pending the re-approval of the installation for 
operation at its new location. This would inevitably include a 
reassessment of environmental conditions for the new 
operating site and a re-installation Survey prior to the re- 
classification of the installation being considered. 
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5 Design Considerations 


5.1. General 


Many aspects need to be considered in the design of a 
linkspan installation if it is to be operationally successful. 
These will include the maximum tidal variations possible at 
the site which will determine the length of the shore ramp 
needed to ensure slopes of 1:10 are not exceeded in normal 
operations, or 1:8 in extreme cases. This information will 
also be needed to ensure that there are no sudden changes 
in slope between ramps, bridges, pontoons which could 
cause vehicles to bottom on the roadway, and will also be 
required for the design of the mooring system or tethering 
arrangements. 


Detailed knowledge of the ships intending to use the 
facility will also be required. This must include the range of 
possible freeboards, together with the threshold heights of 
the ships’ ramps, or vehicle decks if the linkspan is to place 
its loading ramps onto the ship. This information will 
determine the range of operating freeboards required for 
the linkspan and the size and possible type of the ballast 
system required. 


Other parameters that must be considered are whether the 
ships using the facility will be fitted with stern ramps, stern 
quarter ramps or bow ramps, and if bow ramps are used 
does the ship also have a bulbous bow ? 


Linkspans that are required to serve ships with both stern 
and stern quarter ramp configurations are often made with 
retractable pontoons in order to accommodate the different 
geometries and be more versatile. This is illustrated in 
Figure 52. 


Bridge | oo 
— = Cay 
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Figure 52 
Retractable pontoon configurations 


Linkspan pontoons that will be used by ships with bulbous 
bows and bow ramps are usually fitted with a cantilevered 
overhang to provide adequate clearance for the bulbous bow, 
as indicated in Figure 53. There have been many instances 
where changes to the originally specified ferry services have 
resulted in damage to the pontoon because the linkspan was 
not initially designed for ships with bulbous bows. 
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Figure 53 
Bulbous bow arrangement 


5.2 Load cases 


Of all the aspects that need to be considered in the design of 
a linkspan, by far the most important is an appreciation and 
an adequate assessment of the various loadings that will act 
upon the facility. 


Linkspans need to be considered for two main load cases. 
Firstly, the In-Service case for all the operational and 
environmental loads encountered during both: 

(a) berthing, and (b) embarkation/disembarkation 
operations 

and secondly, the Out-of-Service case, or survival 
condition, when the linkspan will not be in use, but 
nevertheless will have to remain securely on station and 
withstand extreme environmental conditions. 


5.3 Load types 


A wide variety of different loads will act (but not necessarily 
at the same time) on a linkspan and these are summarised 
as follows: 


5.3.1 Hydrostatic Loads 

Hydrostatic loads will act on the submerged buoyant parts 
of linkspans, such as the pontoons and bridges and ramps 
of enclosed box sections. These components should be 
designed in accordance with Part 3, Chapter 4 of the 
Linkspan Rules. 


5.3.2 Dead Loads 

The self weight of all components must be considered for: 
(i) assessment of required buoyancy; 

(ii) bankseat bearing design; 

(iii) sizing of any lifting arrangements; 

(iv) the design of bridges, ramps and walkways. 


The self weight of the main components of a linkspan are 
often considerable and may well equal or exceed the live 
load. For example, a 60m bridge designed for 2 lanes of 
traffic may weigh as much as 300t and the normal live 
traffic loading may only be 150t. 


5.3.3 Live Loads 


This is the weight of vehicular traffic or passengers for 
which the linkspan is designed. 
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Vehicular loading may be expressed as: 
(i) axle loads with axles spacings specified, or 
(ii) asa uniformly distributed loading (UDL). 


In the UK the above may be expressed in terms of HA and 
HB loading as defined in BS 5400: Pt. 2. Other national 
standards may be applicable in other areas. 


Additionally, individual tyre print loads will require to be 
specified as this will be used in determining the required 
plate thickness of the pontoon and ramps. 


Horizontal loads caused by the braking or skidding of 
vehicles are also to be considered and a value of 20% of the 
vehicles’ weights should be applied simultaneously with 
the vertical loads, to allow for these effects. 


Where individual vehicle weights or axle loads are used in 
the design of linkspans they are increased by a factor of 1.1 to 
allow for the dynamic effects of movement. However, where 
the design is based on a specified UDL no additional dynamic 
factor need be applied, as there is generally an allowance for 
this in the distributed load, unless otherwise specified. 


Passenger loading is generally expressed as a UDL with 
5kN/m2 being the standard value used in most designs. 


5.3.4 Environmental Loads 
Environmental loads include the forces from: 
(i) wind action; 

(ii) wave action; 

(iii) currents (both tidal and river); 

(iv) snow and ice. 


(i) |The maximum wind speeds and directions must be 
accurately established from reliable meteorological 
data for both the operating and survival conditions. 


On larger floating installations, particularly those with 
double deck arrangements, the wind loading will be critical 
in the design of the mooring / tethering arrangements. 


Wind loading is directly proportional to the square of the 
wind speed and is calculated using the following 
expression: 


Fw = 0.5p V2 A Cy (N) 

where, p = density of air, Kg/m3 
V = wind speed, m/s 
A = effective windage area of structure, m2 
Cry = force coefficient dependent on the 


aerodynamic characteristics of the 
structure. 


Where no reliable climatological data is available the 
following wind speeds may be used for design purposes: 
(a) 20m /s for the in-service, operating case; 
(b) 63 m/s for the out-of-service, survival case. 


(ii) Although many linkspans are located in sheltered 
positions, where wave action will not be severe, the 
effects of wave impingement on the side of buoyant 
linkspans should still be considered. 
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There have also been instances where rogue waves have 
crept into a harbour and have lifted linkspans off their 
bankseats, so it is important to check that adequate uplift 
restraints are fitted or sufficient height clearance is 
provided. 


The study of wave action is an extremely complex subject. 
However, for the design of linkspans located in sheltered 
positions, it is generally sufficient to calculate the force from 
wave impingement on the basis of a standing wave with 
the pontoon assumed to be located at a node point. 


The maximum wave pressure, P,,, on the pontoon side at an 
elevation, y, relative to the still water level may be taken as: 
(kN /m2) 


Py =pgy+pg Hine cosh [2m (y+d)/L] 


cosh [2m d/L] 


p = density of water (t/m3) 

g = acceleration due to gravity (m/s?) 

y = elevation on pontoon relative to still water 
level, measured positively upwards (m) 

Hine = incident wave height (m) 

d = still water depth (m) 

L = wavelength (crest-to-crest) (m). 


where, 


Where, in addition to the effects of direct wave impingement, 
wave drift action is also present the wave drift force, F\..4, for 
an irregular sea acting on the pontoon may be calculated from: 


Fg =pg LHs2 (kN) 
16 


where Hs = significant wave height (m). 


For linkspans situated in more exposed locations the above 
expressions will not be appropriate. A more rigorous 
analysis will be required in accordance with a recognised 
national standard, such as BS 6349: Parts 1 and 6. 


(iii) Linkspans located in rivers or in parts of harbours 
subject to tidal currents will require to be considered 
for the effects of the maximum possible current 
speeds to ensure that the facility is not swept off 
station, 


It is reasonable to assume that the maximum possible 
current speed, based on the most unfavourable 
combinations of tide, surge and wind induced 
currents for a return period of 1 in 50 years could 
occur both during the in-service and out-of-service 
conditions. Consequently, this possibility should be 
considered in the design of the mooring/tethering 
arrangements. 


The current force, F., acting on the pontoon or other 
submerged parts of a linkspan, may be calculated from: 


Fe = 0.5pV2 A Cp (kN) 


where, p density of water (t/m>) 
V = incident current velocity impinging on 
the pontoon; (m/s) 


A = submerged area of pontoon normal to the 
current flow direction; (m2) 

Cp = drag coefficient, dependent on pontoon 
shape, extent of marine growth, depth of 
water under the pontoon and breadth/ 
depth ratio of pontoon. 


Typical values of Cp are given in Appendix 1. 


(iv) In colder climates the self weight of external 
structural components may be significantly increased 
by the effects of snow and ice. Unless otherwise 
specified an additional dead-load of 2kN/m? should 
be applied to surfaces inclined at less than 5° to the 
horizontal to allow for the additional weight. 


5.3.5 Ship Induced Loads 

The various loads in this category may all be applied to the 
linkspan by the ship using the facility. They include: 

(i) berthing loads 

(ii) ship ramps 

(iii) ship movements 

(iv) ship propulsion units 

(v) wash from passing ships 


(i) Berthing forces are created when contact with the 
linkspan is made. The kinetic energy of the berthing 
ship has to be absorbed to bring the ship to a stop. 
This is usually achieved by converting the ship’s 
kinetic energy into potential energy by compressing 
the fenders and also, to a lesser extent, by overcoming 
the inertia and drag forces associated with moving 
the facility through the water. A common alternative 
arrangement for absorbing berthing energy is to 
allow the shore ramp to slide up an inclined bankseat. 


Compressing the fenders will create a reaction or 
berthing force in the fender support structure. The 
magnitude of this force will depend on the character- 
istics of the fenders used and is usually obtained from 
performance curves provided by the fender 
manufacturer based on the berthing energy. 


The berthing energy, E, for linkspan fenders is 
calculated using the expression: 


E = 0.5m (V cos @)2 (KNm) 


where, m 
V 
Oo 


ship’s displacement (tonnes) 
ship’s contact speed (m/s) 
approach angle of ship (deg). 


It is worth noting that berthing forces may not always be 
horizontal. Vertical components may possibly exist due to 
the relative shapes of the pontoon and the berthing ship. 


(ii) Once secured after berthing, the ship’s ramp, which 
may weigh as much as 120t, will be lowered onto the 
pontoon deck. This will impart a knife edge loading 
on the pontoon structure, which will increase when 
the traffic passes over ramp. Pontoons are usually 
locally reinforced in way of ramp landing areas to 
cater for these loads. 
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(iii) For linkspans that derive some of their seaward 
support from the berthed ship, or which are in direct 
contact with the ship during embarkation operations, 
account will have to be made for additional forces 
imparted to the linkspan caused by movement of the 
ship. 


These forces will be transmitted to the linkspans 
through the pendants or strops that connect to the 
ship. Alternatively, they may be transmitted through 
the nesting fenders for ships docked tight against the 
linkspan. 


(iv) Where the thrust from ships’ propulsion units 
impinge directly onto the submerged parts of a 
linkspan, consideration is to be given to forces 
imposed onto the facility and the consequent effects. 
This is difficult to quantify and is probably best 
assessed through model tests, although it is 
understood that the force impinging directly onto the 
submerged structure is inversely proportional to the 
distance of the ship from the linkspan. It is worth 
noting, nevertheless, that on departure from its 
bespoke linkspans water jets of the Stena HSS1500 
high speed ferries could impose nearly 90t thrust onto 
the submerged buoyancy chamber of the facility. 


5.3.6 Pontoon Induced Loads 

As buoyant linkspans are free floating bodies they will 
experience the same six degrees of freedom as ships, i.e. 
roll, pitch, heave, surge, sway or yaw. 


These motions will create additional loadings in the ramps 
or walkways connected to the pontoon. The most signi- 
ficant of these will be torsion. 


Additionally, the connection details between the ramp or 
walkway and pontoon will have to be considered with 
respect to the loads caused by pontoon movement. 


5.4 Load combinations 


The various types of load that may apply to a linkspan 
facility have now been described. However, it would be 
unrealistic to apply all of them concurrently to a linkspan. 


Typical load combinations that might apply are described 
as follows: 


5.4.1 In-Service Case 
(a) During berthing 
— dead weight; 
— environmental loads (operational); 
— wind; 
— wave; 
— current; 
— ship induced loads; 
— berthing contact; 
— passing ship’s wash; 
— pontoon movement induced loads. 
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(b) During embarkation 
— dead weight; 
— environmental loads (operational); 
— wind; 
— wave; 
— current; 
— live loads; 
— vehicle; 
— passenger; 
ship induced loads; 
— ship’s ramp loads; 
— ship movement; 
— passing ship’s wash; 
— pontoon movement induced loads. 
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5.4.2 Out-of-Service Case 

— dead weights; 

— environmental loads (extreme, maximum or 1 in 
50 year return values); 
— wind; 
— wave; 
— current; 

— ship induced loads; 
— wash from passing ships only; 

— pontoon movement induced loads. 


It should be noted that there will be no live loads or other 


ship induced loads for this condition. 


5.5 Accommodation of linkspans 
movements 


As previously stated in paragraph 5.3.6, buoyant linkspans 
are subject to the same six degrees of freedom as a ship as 
illustrated in Figure 54. 
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Figure 54 
Six degrees of freedom 


It is essential that linkspans are free to move in these six 
directions if the internal forces between ramps and 
pontoons are to be kept to a minimum. The common causes 
of these various movements and how they are accom- 
modated are discussed below: 
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..5.1 Vertical Movement - Pontoon Heave 
aused by rise and fall of the tide; 

wave action, particularly swell; 

application of vertical loads (e.g. traffic, ship 
ramps, etc.) 


ballasting 


\ccommodated by hinges or bearings allowing rotation 
about the horizontal axis at both the pontoon and bankseat 


ends of the shore ramp 


5.5.2 Longitudinal Movement - Pontoon Surge 
Caused by berthing contact; 

vehicles braking; 

wind, wave and current loads; 
— ship propulsion units; 


movement of berthed ship. 


Accommodated by rollers, bogies or sliding feet at either 


the bankseat or pontoon ends, or sometimes both. 


There should, nevertheless, be some means of restraint 
fitted to prevent the ramp being pulled completely off the 
pontoon or bankseat shelf. This is usually achieved by 
chains, links or brackets. An example of a link restraint is 
shown in Figure 55. 


Figure 55 
Bankseat restraining link 


5.5.3 Lateral Movement - Pontoon Sway 
Caused by - oblique end berthing or side berthing 
contact; 
— wind, wave and current action; 
— wash from passing ships; 
— movement of the berthed ship. 


Accommodated by a vertical pintle bearing allowing 
rotation about a vertical axis at the ramp/pontoon 
connection, or the bankseat bearings are designed to permit 
a limited amount of slewing. 


5.5.4 Pontoon Pitching 
Caused by —-ship’s ramp loads; 
— vehicle movement; 
— wind and wave action; 
— ballasting; 
— movement of berthed ship. 
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Free motion is permitted by horizontal hinges allowing 


rotation at the pontoon or bankseat support connection 


5.5.5 Pontoon Rolling 

Caused by offset stern ramp location; 
offset vehicle loadings; 

— wind and wave action; 

— wash from passing ships; 
movement of berthed ship; 


ballasting. 


Free motion is permitted either by a lack of torsional 
restraint in the shore ramps allowing them to twist, or for 
torsionally stiff ramps the bankseat bearing may have 
provision to rock. Alternatively, the shore ramp may need 
to be designed to allow for re-distribution of the support 
feet reactions. Figure 56 gives a schematic illustration of 


these two solutions. 


5.5.6 Pontoon Yawing 
Caused by - oblique end or side berthing; 

— wind, wave and current action; 

— wash from passing ships. 
Free motion is permitted usually by a vertical pintle 
allowing relative rotation between the ramp and pontoon 
at their connection or by the bankseat being allowed to 


slew. 
Roadway 
Ramp 
| Rocker beam a 
Plan view (roadway removed) 
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Figure 56 
Schematic Illustration of Torsional Restraint Systems 
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5.6 Mooring and tethering arrangements 


Linkspans that are totally or partially supported by 
buoyant means will need to be kept on station by either a 
mooring system or a tethering arrangement. 


These systems must be capable of resisting the worst 
combinations of wind, wave or current forces that are 
known to prevail at the particular site, together with the 
worst operating loads (generally berthing forces), but at the 
same time allowing free movement of the facility over the 
full tidal range. 


Mooring systems may consist of conventional spring and 
breast lines, of either chains or ropes, attached to the quay 
side or to dolphins. These will allow the linkspan to move 
freely, but yet restrict its travel. It is important that the 
mooring lines are of sufficient length to allow for extreme 
tidal levels. 


One installation was found during a particularly low spring 
tide to be hanging on its taut mooring chains with the 
pontoon listing accordingly. 


Mooring systems may also consist of an arrangement of 
mooring booms which locate the facility on station. The 
booms generally have universal joints or bearings at either 
end to allow free movement of the pontoon as it describes 
an arc of a circle with the rise and fall of the tide. 


The length of tubular booms required will depend on the 
tidal range. Booms of 6.5m length exist in the Baltic where 
the tidal range was 0.6m and of 73m length in a Scottish 
Loch where the tidal range is 4.5m. 


Mooring systems are usually, but not necessarily, fitted to 
independent pontoon type linkspans. Where they are fitted 
to linkspans with integrated pontoons they are usually in 
the form of catenary chains. 


Tethering arrangements usually consist of a system of 
guide piles, driven into the seabed around which brackets 
or yokes attached to the pontoon are located. This permits 
free vertical movement, yet restrains the linkspan from 
wandering off station. 


Tethering arrangements can be fitted to linkspans of both 
independent and integrated pontoon types. 


For the latter type a single guide pile only is required, as the 
bankseat bearing will provide the additional restraint 
required to keep the facility on station. 


Table 1 
Safety Factors 


Component 


Chain 


5.6.1 Design Loads To Be Considered 
(i) Environmental loads consisting of wind, wave and 
current forces; 

(ii) Operational loads from — vehicle movement, 
including braking 

~ extending / retracting 
pontoons (where 
applicable) 

— wash from passing ships 

— movement of the berthed 
ship through any linkspan 
to ship connection. 

— berthing contact forces 

— forces from berthing 
ship's propulsion units. 


(iii) Berthing loads from 


The arrangements are to be considered for the following 
design cases consisting of the load combinations indicated 
where L, refers to operational loads and Ly to extreme 
loadings. 


Case 1 — In-Service operational consisting of the worst 
combination of normal operational wind, wave and current 
forces, together with one of the operational loads described 
above. This can be represented by the expression: 

Lwind 1 + Lwave 1 + Lourrent 1 + Loperational. 

Case 2 — In-Service berthing consisting of the above 
combination of environmental loads, together with the 


normal berthing forces, including the effects of the ship’s 
propulsion units, i.e.: 


Lwind 1+ Lwave 1 + Lcurrent 1 + Loyerthing. 


Case 3 - Out-of-Service condition consisting of the worst 
combination of extreme environmental loads, plus the 
effects of wash from passing ships, if this is appropriate. 
This is represented by the expression: 


Lwind 2 Lwave 2% Leurrent 2% Lwash 


The minimum safety factors required for mooring systems 
locating linkspans in sheltered positions are summarised in 
Table 1 


For more exposed linkspan locations these factors may be 
increased accordingly. 


Tethering arrangements are designed on an allowable 
stress basis. 


Safety factor for normal 
operating conditions 


Safety factor for 
extreme conditions 


2:0 


Ropes (SWR & synthetic) : 2:0 


Shackles and links 
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Max. load = SWL Max. load < Proof load 
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5.7 Fender systems 


Examples of fendering arrangements have already been 
described in Section 3.5.7. 


However, not all linkspans are fitted with fenders. Where it 
is not intended for ships to contact the linkspan, fenders are 
not required for Classification. Indeed, many Port Operators 
do not want fenders fitted as they argue that this will ensure 
a more careful and controlled approach by the ship - their 
argument following the lines that if fenders are fitted the 
ferry operators will use them in order to speed up the 
berthing process. 


Nevertheless, where it is intended as part of normal 
docking procedures for the berthing ship to make contact 
with the linkspan, fenders will have to be fitted to comply 
with Class requirements. 


Fenders must be capable of absorbing the kinetic impact 
energy of ships berthing end on, near end on or alongside 
the facility. They are usually designed for both normal and 
abnormal berthings. 


Normal berthings are those which occur within the 
specified impact energy levels derived from the maximum 
displacement and approach speeds defined for the 
installation. Berthing energy, E, has already been defined in 
Section 5.3.5. 


However, to provide a certain margin of safety against the 
risk of a heavy berthing caused by, for example: 

(a) engine failure; 

(b) breaking of a ship’s mooring or towing line; 

(c) sudden environmental changes, or; 

(d) human error, 
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Figure 57 
Typical fender performance curve 


the ultimate energy capacity for a fender is to be double 
that calculated for normal berthings. This has been termed 
the abnormal case. 


Following any heavy berthing incident the fenders and 
their supporting structure should be examined for damage 
and replaced or repaired as found necessary. 


Most fenders have a non-linear energy/deflection and 
reaction/deflection characteristic and are designed to give 
optimum energy absorption at approximately 50% 
deflection. 


The reaction for a given energy absorption for a particular 
fender type is usually obtained from the performance 
curves published by the fender manufacturer. A typical 
curve for a ‘V’-fender is shown in Figure 57. 


To allow for manufacturing variations in the fender units it 
is recommended that the berthing reaction, R, is increased 
by 10%. 


5.8 Fatigue assessment 


Unless specifically requested to do so LR will not carry out 
a fatigue analysis as part of the plan approval required for 
Classification. 


LR will, however, require the linkspan designer to carry out 
a fatigue assessment of all critical components, subject to 
significant cyclical loading, for the specified design life of 
the linkspan, in accordance with a recognised national or 
international standard (e.g. BS 5400, Part 10). 


This fatigue assessment would be expected to apply to all 
primary articulated connections, support points for the 
ramps and walkways, and to traffic lane structures. It 
would then be reviewed as part of the plan approval 
exercise. 


Experience has shown that structures subjected to low 
stress levels caused by very frequent small amplitude 
motions, such as exists between ramps and walkways 
supported on a pontoon at one end and the quayside at the 
other, may still be prone to fatigue failures. 


Notwithstanding the above, attention will still be given 
during plan approval to good detail design to reduce 
unnecessary stress concentrations and this, coupled with 
the allowable stresses and load amplification factors stated 
in the new Rules, should provide adequate protection 
against fatigue failures. 


5.9 Model testing 


Model tests may be required when the response behaviour 
of the linkspan is not known or cannot be predicted with 
mathematical certainty. 


It would be recommended that a linkspan situated in an 
exposed location which may be subject to a variety of 
combinations of environmental loads, particularly if the 
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wave behaviour cannot be treated by the simple method 
described in Section 5.3.4(ii), is model tested to obtain some 
assessment of its likely behaviour. 


Additionally, where the wash from passing ships or the 
effects of the propulsion units of ships using a linkspan are 
considered to be significant, model testing should be 
carried out, not only to establish the effects on the linkspan, 
but also for the additional forces generated in the mooring 
or tethering arrangements. 


Model tests were carried out for the Stena HSS1500 fast 
ferry linkspans to establish the additional loading caused 
by the ferry’s water jets on the submerged buoyancy tank of 
the facility, and also to estimate the effects of wash from 
passing ships at the Hook of Holland terminal. 


It was found that the water jets could produce up to 90t 
thrust on the submerged buoyancy tank. The effects of 
wash from ships passing at 50m from the installation with 
an HSS1550 docked onto the linkspan indicated that 
additional transverse loads of 40t and longitudinal loads of 
up to 180t could be generated. 


5.10 Plan approval 


It is not intended in this Paper to discuss plan approval 
techniques or methods in any great detail, but as the 
approach philosophy for the two main components of 
buoyant linkspans, i.e. the pontoon and the bridges, ramps 
and walkways, are completely different, some explanation 
is considered appropriate. 


5.10.1 Pontoons 

The structural requirements for pontoons given in the Rules 
for the Classification of Linkspans are not new or 
revolutionary. They are totally prescriptive and are based 
on the requirements of Part 4, Chapter 5 of the Rules for the 
Classification of Ships, which covers barges and pontoons. 


However, as Part 4, Chapter 5 of the Ship Rules has many 
cross-references to other parts of the Ship Rules, to enable a 
pontoon to be satisfactorily approved, it was considered 
essential to place all the relevant requirements together in 
one document to achieve the desired aim of ‘stand alone’ 
Rules for linkspans. 


This is particularly important for LR’s linkspan clients, who 
in the main are consulting civil engineers, port authorities 
or specialist linkspan designers, the majority of whom are 
generally not overly familiar with LR’s Ship Rules. 


The prescriptive scantling requirements for: 


bottom shell plates; 
side shell plates; 
deck plates; 
longitudinals; 
frames; 

deck beams; 
girders; 

bulkheads; 

pillars. 
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are given in Part 3, Chapter 4 of the Linkspan Rules for both 
longitudinal and transverse framing configurations. 


The difference between these two types of construction is 
illustrated in Figure 58. 


5.10.2 Bridges, Ramps, Walkways and Other 
Structural Steelwork Components 

The structural requirements for these aspects are less 

prescriptive than those for the pontoon structure. They are 

based on an allowable stress approach using factored 

applied loads to account for dynamic effects. 


These requirements are very similar to those already 
published in LR’s Code for Lifting Appliances in a Marine 
Environment, but in the interest of producing a complete 
document relevant to linkspans, the appropriate parts of 
the Code have been incorporated into the Linkspan Rules. 


5.10.3 Engineering Systems 

The engineering systems installed on a linkspan facility are 
generally very simple. Nevertheless, the appropriate 
requirements for electrical, control engineering, pressure 
vessels and piping systems have been incorporated into 
Part 4 of the new Rules. 
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6 Newbuilding Surveys 


6.1 General 


Before LR begins any work on a new linkspan project it is 
essential that the surveyors involved are aware of the 
relevant sections of the Rules and Regulations for the 
Classification of Linkspans, together with the content of 
any applicable Technical Notices and sections of the 
Surveyor’s Procedure Manual. 


6.1.1 Contract Co-ordination 

During the Linkspan Review carried out in 1997 following 
the Ramsgate Trial it became evident that in many cases the 
potential existed for the coordination of linkspan projects to 
easily become muddled. There were instances where LR 
did not have a clearly identified client: during construction 
of the pontoons it may well have been the shipyard, but 
they were unprepared to take responsibility for the site 
installation, as indeed were the fabricators of the ramps and 
walkways. Designers were often reluctant to extend their 
responsibilty beyond that for plan approval and the 
installers are invariably civil engineering contractors for 
whom some see the classification procedures as a complete 
mystery and a potentially unnecessary evil. 


Further complications arise when the Port Authority 
(where the linkspan will be located), the Operator and the 
Owner of the linkspan may well be three different parties. 


Consequently, the responsibility for contract and project co- 
ordination now rests entirely with the Lifting Appliances and 
Materials Handling (LAMH) Department of Engineering 
Services. Their first task will be to establish, beyond any 
confusion, who is LR’s client throughout the entire project 
and to obtain a signed “Request for Services” form for a lump 
sum fee covering the entire classification process. 


At this stage it will also be advisable to get assurance that 
the client understands what is meant by Classification, what 
his associated obligations are, the scope of Classification, 
and whether Classification is sufficient for his purposes. All 
of this is described in Part 1, Chapter 2 of the new Rules. 


Once this has been established the local LR offices will be 
informed of their potential involvement and the associated 
construction schedules, and plan approval can commence. 


In addition to being responsible for the approval of all the 
structural aspects, LAMH will be the focal point for all 
other plan approval activities and will forward plans of any 
engineering systems to the relevent departments in 
Engineering Services. 


6.2 During construction 


6.2.1 Planning 

If the linkspan builder is not known to the local office the 
attending surveyor should be satisfied that the builder has 
the capability, organisational systems and facilities 
sufficient to obtain acceptable standards for both the 
construction of the linkspan and installation of the 
engineering systems. 


Before any work commences it is recommended that the 
surveyor discusses the construction schedule and establishes 
what sub-contractors will be used for the supply of any 
components parts. He would then advise the sub- 
contractor’s local LR offices of their forthcoming involvement 
with copy to LAMH for information, or alternatively 
request LAMH to do so. 


As early as possible the builder should produce an 
inspection and test plan (ITP) and the attending surveyor 
should indicate his various witness, review, and hold points 
during the course of the construction. 


6.2.2 Materials 

The materials used in the construction of a new linkspan 
must comply with the requirements of Part 2 of the 
Linkspan Rules. It should be noted that this part is identical 
to Part 2 of the Ship Rules. 


All plate and rolled sections should be of LR Grade 
A,B,D,E, AH,DH, EH, etc., supplied from an approved LR 
steel mill, with EN 10204 3.1.C certificates and are to have 
full traceability, including hard stamping. 


Where sections are unavailable in LR Grade steels, or where 
order times are unreasonably long, steel that complies with 
an equivalent recognised national standard will be 
acceptable provided it is supplied from an approved works, 
has 3.1.C certificates and has full traceability. 


6.2.3 Welding 

The welding of all primary structural members should be in 
accordance with a recognised national or international 
standard, carried out to an approved procedure, and 
performed by qualified welders. 


Weld procedure specifications (WPS) are to be approved by 
the attending surveyor before any work commences. 
Existing procedure qualification records (PQR) may be used 
for this purpose, but where these do not exist weld 
procedure qualification tests (WPQT) would have to be 
carried out to the surveyor’s satisfaction, using the methods, 
materials and consummables specified in the WPS. 


This is all standard practice and for further information 
reference should be made to Part 2, Chapter 13 of the 
Linkspan Rules and to other published guidance. 


It is the builder’s responsibility to select, train and test 
welders to a suitable national standard. They are also 
responsible for keeping the welder test records which are to 
be made available to the surveyor when requested by him. 
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Welders should be tested for the particular weld procedures 
and positions that they will be using in the fabrication of the 
linkspan. When any welder has not performed a particular 
process within the last 6 months he should be retested. 


It should be noted that the construction of a linkspan often 
comprises a mixture of: 
plate fabrications, common. in — standard 
shipbuilding practice 
~ tubular fabrications and nodes, similar to offshore 
practice 
— use of rolled sections 
and not all builders have experience of these types of 
fabrications, nor are all welders qualified to perform them. 
Consequently, it is down to the surveyor to ensure that 


appropriately qualified welders are used. 


6.2.4 Approved Plans 

Ideally contruction should not start until the steelwork 
plans have been approved. This, however, is not always 
possible. When unavoidable construction may commence 
before completion of approval, the builder must under- 
stand that any work will be carried out at his risk and may 
be subject to modification or even scrapping depending on 
the outcome of the approval. 


Should work commence before approval has been finalised 
the surveyor should ensure that all plans used for 
construction purposes are the same number and revision as 
those submitted for approval. If construction commences 
before approval is completed the Surveyor should liaise 
with LAMH department. 


If during fabrication it becomes necessary to deviate from 
the scantlings or details shown on the approved plans 
agreement must be sought from LAMH for the 
modification. These situations arise surprisingly often due 
to the unavailability of steel grades, plate thicknesses or 
section sizes, etc. 


However, changes of a minor nature or no structural 
significance to suit fit up, welding practices or alternative 
construction methods may be dealt with locally at the 
discretion of the Surveyor. If there is any doubt however 
reference should be made to LAMH. 


6.2.5 Examination of Welding 

Welds in the fabrication of pontoons, vehicle ramps and 
passenger walkways should be visually examined to ensure 
a good standard of workmanship. In particular, welds 
should be reasonably smooth in finish, free from undercut 
or overlap, and have no obvious cracks, lack of fusion or 
signs of porosity. Fillet welds should be checked to ensure 
that they are of the size specified on the approved plans. 


In addition, non-destructive examination should be carried 
out to the satisfaction of the Surveyor. The following regime 
is suggested for guidance purposes: 


10% of all butt welds 
5% of all seams 

50% of all intersections 
10% of all butt welds 
5% of all seams 

30% of all intersections 


Pontoons — shell envelope 


bulkheads 


longitudinals, é of all butts 


5 
frames 25% of all intersections 

& transverses 
using magnetic particle inspection for fillets and 
radiography for butts. The extent of NDE is at the 
Surveyor’s discretion and should be agreed with the 


builder at the start of work and included in the ITP’s. 


Bridges, ramps & walkways 
Many welds may be used in the construction of these 
items and it would not be practical to NDE them all. 
However, the areas to concentrate on will be those where 
high stresses exist, i.e. 
i) at mid span where the maximum bending moments 
exist: 
— radiograph all butts in webs and the lower 
flanges (tension member). NB: if the ramp is 
cantilevered the tension members will be the 
upper ones 
ii) at beam ends and support points, where 
maximum shear forces exist: 
— NDE all welds attaching hinge brackets to ramp 
— radiograph all butts in webs behind brackets 
ili) at changes of section - either plate thickness or 
section depth changes: 
— radiograph all butts 


Lifting attachments 

Welds attaching any lifting points to the ramp structure are 
critical as any failure here would cause the bridge/ 
ramp/walkway to collapse with the potential for loss of 
life. All welds in this area should be 100% radiographed or 
ultrasonically tested with 100% MPI, as appropriate. 


This regime would also apply to the welds at any support 
point where a weld failure would result in a significant 
drop of the bridge/ramp/walkway. 


6.2.6 Testing at the Fabricator’s Works 

This will generally be limited to the hose testing, pressure 
testing and leak testing for the pontoons, similar to that 
required for ship construction. Proof-load testing of the 
ramps and walkways should be carried out after 
installation at the operational site. 


Hose testing — all watertight doors, bulkheads and 
weathertight closures should be pressure hose tested with a 
supply hose pressure of 2 bar from a maximum distance of 
1.5m. 


Pressure testing — all water ballast tanks should be pressure 
tested to a 2.4m head above the highest point of the tank or 
overflow, whichever is the greater. 


Leak testing — all fillet weld connections at tank boundaries 
should be tested for leaks by pressurising the tank to 
0.15bar, applying a soapy solution to the welds, increasing 
the pressure to 0.2bar and allowing it to stabilise for one 
hour, after which the pressure should be reduced to 0.15bar 
and the welds examined for signs of leaks. 


Once the welds have been proven to be satisfactory the 
protective coatings may be applied. 
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6.2.7 Protective Coatings 
All ballast spaces are to be protected by a hard epoxy 
coating (or equivalent) applied in accordance with 
manufacturer’s instructions. 


6.2.8 Reporting 

Upon satisfactory completion of fabrication and required 
testing, the attending Surveyor may at this point issue a 
factual statement for the work done under his surveillance. 
As the linkspan installation is not complete at this stage an 
Interim Certificate should not be issued. 


The factual statement should contain details of the extent of 
work carried out at the fabricators, including details of any 
work, or remedial work, still to be done. Reference should 
be made to the approved plans used for this part of the 
project, together with the use of approved weld procedures, 
qualified welders, testing and NDE performed. 


The factual statement should be sent to the local office 
responsible for the installation surveys, with a copy to 
LAMH Dept. The client may also require a copy at this time 
for stage payment purposes. 


6.3 Installation surveys 


6.3.1 Purpose 

The purpose of surveying linkspans following installation 

is to: 

(i) check no structural damage has been sustained in 
transit 

(ii) check the linkspan is installed in accordance with the 
approved plans including the mooring or tethering 
arrangements 

(iii) check any outstanding or remedial work is carried out 

(iv) witness proof load and operational testing 

(v) thoroughly examine the complete installation — after 
testing — to ensure integrity of complete structure 
including all articulations 

(vi) issue of final certification 


6.3.2 Outside LR’s Involvement 

It is worth noting at this stage that the actual erection 
procedure proposed by the contractors is not part of the 
Classification process, and the erection process is not 
approved by or agreed with LR. 


Also outside LR’s involvement are the interface works. This 
will include the suitability of the approach roads and the 
adequacy of the quayside, bankseat structures, the 
guidepiles/dolphins, and the associated seabed conditions. 
These aspects are not part of Class and are the 
responsibility of the contractor. 


6.3.3 Installation Testing 

After installation every linkspan structure is to be proof- 
load and operationally tested as a requirement for 
Classification. Testing will give some considerable degree 
of re-assurance to the adequacy of the supporting 
structures and interface areas that are outwith Class. It will 
also provide a last opportunity to detect any flaws in the 
welding or fabrication of main structural members. It must, 
however, be realised that overload proof-load testing will 
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not provide a check on the fatigue strength of a structure. 
Nevertheless, it does give confidence regarding the static 
strength of the installation. 


Each bridge, vehicle ramp span and walkway span is to be 
proof load tested in its working position, throughout the 
tidal range, with an appropriate test load, after: 

(i) installation 

(ii) major repair, renewal or modification 


The test loads (T) used are to be based on either the SWL or 
the design load (W) for the particular span. The design 
loads may be based on the design UDL (uniform 
distributed load) for the ramp times the working area of the 
ramp, and will need to be of the following magnitudes: 


W<=20t T=125 x W 
20t<W<=50t T=W+5t 
W>50t ¢ as E ler 


Test loads may be in the form of water bags, certified test 
weights or containers filled with water. Alternatively a 
convoy of suitable vehicles would be acceptable. 
Consideration would also be given to an equivalent concen- 
trated load instead of a UDL. 


Any bridge, ramp or walkway that is raised or lowered 

when unloaded should be tested as follows: 

(i) with a test load equal to 25% of its self weight to 
ensure that the brake, or other mechanism if fitted, 
can hold the ramp in its most unfavourable position 

(ii) operated through one complete operating cycle with 
its self weight only to ensure correct functioning. 


It should be noted that any linkspan ramp or walkway that 
is designed to be mechanically raised or lowered when 
loaded with either vehicles or passengers will be 
considered as a lift and would need to comply with the 
appropriate requirements of the Code for LAME and other 
national authorities. 


After testing, it is essential that the whole facility is 
thoroughly examined to ensure that no defects, cracks, 
deformation or permanent set exists. Particular attention is 
to be given to the areas of high stress or load concentrations 
already described. 


6.3.4 Certificates 

After successful completion of the testing activities and 
provided no outstanding work exists and all the necessary 
documentation has been received from the other LR offices 
involved in the construction, the Surveyor may issue the 
Interim Certificate to the client, subject to confirmation 
from LAMH Dept., and the First Entry Report may be sent 
to the First Entry Group (CSD/FEG) in HQ, with a copy to 
LAMH, for processing prior to issue of the Class Certificate. 
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® 7 Periodical Surveys 


7.1. General 


In order to check that the condition of a linkspan is 
maintained and meets Class requirements it will be subject 
to a regime of periodical surveys throughout its life, or 
period of Classification. 


The survey regime is very similar to that applied to ships 
and the different types of surveys, and their frequency, are 
summarised below: 

Annual Survey — should be held on all types of linkspan 
three months either side of the anniver- 
sary of the completion, commissioning, 
or last Special Survey. 


should be held instead of the second or 
third Annual Survey. 


Intermediate 
Survey 


Docking or 
In-water Survey 


should be carried out on all floating and 
submerged components of a linkspan 
twice in a five years period, with the 
maximum interval between Docking 
and In-water surveys not exceeding 
three years. One of these is to coincide 
with the Special Survey. 

Special Survey should be carried out on all linkspans 
once every five years. The first periodical 
special survey (SS) will be due five years 
after the first SS during construction or 
the date for the SS Classification for those 
installations not built under SS. 


Machinery 
Survey 


where applicable, complete surveys of 
machinery will be due every five years 
and will normally coincide with the SS. 


It should be noted that linkspans of novel design, or those 
that use materials and construction methods for which no 
previous experience or successful in-service record exists, 
may be subject to additional survey requirements. 
However, this should be established at the assignment of 
classification. 


7.2 \n-water surveys 


As the Linkspan Rules for this survey type differ from those 
for ship classification a few words of explanation are 
offered for background information. 


It must be appreciated that for some linkspan types (e.g. 
Stena’s HSS1500 linkspans) it would be unfeasible to carry 
out Docking Surveys. Similarly, to find suitable dry docks 
which could accommodate some other linkspans, particularly 
the integrated pontoon type, can also be extremely difficult in 
some areas where these linkspans are located. 


It is recognised that linkspans are generally operated in 
sheltered waters and are not subject to the same rigours, 
particularly slamming and sloshing, associated with sea- 
going ships. Also, pontoons are not of double skin 
construction and provided thorough internal examinations 
of all tanks and spaces, including thickness determinations, 
can be conducted in parallel with under water 
examinations by competent divers, it should be possible to 
ensure the condition of the pontoon in the same way as if a 
Docking survey had been carried out. 


On this basis the new Linkspan Rules allow in-water 
surveys to be carried out in place of Docking Surveys, 
throughout the life of the linkspan. 


The interval between Docking and In-water surveys for 
linkspans operating in fresh water may be increased upon 
request to and at the discretion of the Classing Committee. 


7.3 General guidance 


The detailed requirements for each of the types of 
periodical survey are clearly stated in the new Rules and it 
is not intended to repeat them in this Paper. 


However, based on the experience gained during the 
unscheduled inspections carried out in 1997 the Authors 
would like to offer the following comments as guidance for 
colleagues involved in conducting periodical surveys in the 
future. 


It has already been seen how the design of individual 
linkspans varies considerably from one installation to the 
next. Consequently, not all of the following comments will 
be appropriate for any one installation and the Surveyor 
should use his discretion accordingly. 


These notes are intended to cover all types of linkspan, 
whether for use by only pedestrians, vehicles or a 
combination of both, including those deriving support by 
buoyant or non-buoyant means. The degree to which each 
requirement should be applied will be determined by the 
survey type being undertaken, i.e. Annual, Intermediate, 
Special, etc. 


Scheduling of surveys is the responsibility of the 
Owner/Operator. In some cases the Rules require certain 
surveys to be carried out in conjunction with other surveys, 
ie. an Annual Survey in conjunction with an Intermediate 
Survey, a Docking or In-water Survey in conjunction with a 
Special Survey. 


It has already been stated that the Linkspan Rules differ 
from the Ship Rules in allowing In-water Surveys to be 
carried out in lieu of Docking Surveys throughout the life of 
the linkspan. It is in both the Surveyor’s and the Operator’s 
interests to recognise that the requirements of an In-water 
Survey include at least some internal examinations of tanks 
to be carried out, the number and extent being determined 
by the age of the linkspan. As these requirements are 
similar to those also required by both the Intermediate 
Survey and Special Survey, interested parties should try to 
co-ordinate such inspections to meet also the requirements 
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of either of these surveys whenever an In-water Survey is 
being carried out. 


(a) General: 


(i) 


(ii) 


(iii) 


(iv) 


Before carrying out any periodical survey the 
Surveyor should familiarise himself with the 
installation and particularly its method of 
operation. It is usually worthwhile to take a 
few minutes to walk along the quay to view the 
linkspan from different aspects to satisfy 
oneself that the mechanics of the structure is 
understood. It should be established which 
parts of the structure are linked to the quay or 
bank seat and which parts are free to move. 
The Surveyor should be able to visualise how 
the installation is adjusted to accommodate 
vessels of differing size and stern door 
threshold heights and also visualise how the 
structure reacts to the rising and falling tide. In 
some designs the structure may simply rise 
and fall, whilst in others there will be an 
element of longitudinal displacement. 
Wherever possible, the survey should be 
carried out over a sufficient period of time that 
includes both high and low tides. The Surveyor 
should be aware of the tidal phase at the time 
of the survey and for the installed location and, 
wherever possible, it should be recommended 
to the Operator that the survey should be 
carried out during spring tides when maximum 
extent of travel of floating structures may be 
witnessed. Where the tidal range is relatively 
small (i.e. less than 1.0m) it may be sufficient to 
make a single visit. However, where the tidal 
range is large (i.e. up to 10.0m), the Surveyor 
should consider making separate visits to 
coincide with high and low tides where the 
length of time spent on other aspects of the 
survey does not naturally extend to encompass 
these periods. 

Particular attention should be paid to the 
extreme limits of travel exhibited at both high 
and low tide. High tide conditions may 
demonstrate submergence of any bank seat 
bearing and indicate areas where potential 
corrosion may occur although this may already 
be obvious from discolouration and a 
“tidemark”. Low tide conditions may 
demonstrate bottoming of the pontoon 
coupled with unusual loads on bank seat 
bearings or mooring arrangements. 

It should be confirmed that the installation is 
operated at the specified location or within the 
general port area, as applicable, for which it is 
currently approved as defined by the Class 
notation. Where the installation is found to 
have been moved since the last survey and the 
Class notation indicates operation at a specified 
location other than that at which the installation 
is found, the Owner/Operator should be 
advised that Classification may be liable to be 
suspended pending re-approval of the 
installation for operation at the new location 
and a re-installation Survey being carried out. 


(b) 


(c) 


(v) 


(vi) 


It should be confirmed by the operators that 
vessels utilising the installation do not exceed 
the maximum displacement specified in the 
original approval. If the operators need help in 
providing this confirmation it might be 
possible to check port operation logs and 
compare records of vessels using the linkspan 
to details of those vessels listed in the Register 
Book. Where the installation is found to be 
used by ships of maximum displacement 
exceeding the original approval, the Operator 
should be advised that Classification may be 
liable to be suspended, pending re-approval of 
the installation for operation with the larger 
vessels now using the facility. (For an 
approximate method of deriving displacement 
values for various ships, see Appendix 2). 

The operators should confirm that no 
modifications have been made to the 
installation or equipment which would affect 
the Class. Any modifications found should be 
reported. 


Arrangements 


(i) 


The reeving of wire ropes, chains or the 
arrangement of hydraulic cylinders as shown 
on the reeving diagram or appropriate plans 
should be checked as well as any marking on 
ramps or lifts with respect to the loading or 
operations manual, as appropriate. 


Structure and General 


(i) 


(ii) 


(iii) 


(iv) 


Pontoons, including any superstructures or 
raised deck structures, should be examined in 
accordance with procedures for normal 
pontoon or ship type structures with particular 
attention to any bottom damage due to 
grounding at low tide. 

The load bearing plating and main structural 
members, including ramps and end flaps 
should be checked for distortion due to 
overloading as well as a check for local 
indentation or unfairness. 

An examination should be made of the 
structure for corrosion, carrying out hammer 
tests as necessary. If considered necessary the 
thickness of structural items can be checked by 
drilling or other suitable methods. 

The underside of ramp structures may be 
checked for corrosion, deformation and failure 
of primary or secondary structure. Particular 
attention should be given to those parts of the 
structure normally inaccessible during routine 
inspections by the Operators. This will 
invariably include any ramp 
suspended over water and which is not readily 
accessible from below at, say, low tide. At 
Special Surveys it will be necessary to carry out 
a close-up inspection of the ramp structure and 
temporary staging may be required to give 
adequate access. Close-up inspections from a 
small boat may be deemed appropriate if the 
Surveyor can be satisfied that all parts of the 
structure can be examined within close visual 


structure 
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(d) 


(v) 


(vi) 


(vii) 


range. It should be noted that with some 
designs the underside structure of the shore 
ramp may be partially submerged at some 
states of the tide. This may give problems for 
adequate access during the Survey but, more 
importantly, can give rise to accelerated 
corrosion problems in the wind and water 
region of the ramp, especially where protective 
coatings have not been adequately maintained. 
All structural bolts should be checked for 
tightness, ensuring that where bolts have been 
replaced they are of the same type and quality 
as previously fitted. 

Welds should be checked for cracks. Particular 
attention should be given to weld connections 
in heavy section plating in way of load bearing 
supports or structural discontinuities. 

It should be confirmed that, where provided, 
fendering arrangements continue to remain 
efficient. Missing sections of rubber fender 
should be replaced. Fenders should not be 
covered by any steel shrouds to facilitate 
berthing of vessels which are also fitted with 
heavy rubber fendering. Such shrouding tends 
to reduce the energy absorbing capability of the 
fender and may possibly damage the linkspan 
structure. 


Main pivots, slewing bearing, etc. 


(i) 


(ii) 


(iii) 


(iv) 


(v) 


Main pivots and bearings should be examined 
to ensure that they operate satisfactorily and 
are free from excessive play. Where adjustable 
ramps are provided, examination of the main 
pivots and bearings may be best carried out in 
situ by having the ramp raised and lowered 
over its full extent of travel. Where angled 
ramps are fitted particular attention should be 
paid to the hinge arrangements to determine 
any adverse effects due to axial forces in the 
hinge pins and side plates. 

Bearing surfaces should be checked to see that 
they are free from scoring, pitting, etc. Where 
the bank seat bearing may be subject to 
submersion at high tide, particular attention 
should be given to the condition of the bearing 
in respect of possible corrosion. 

The slide wear plates should be examined for 
excessive weardown, scoring, pitting, etc. 
Heavy weardown may not be immediately 
apparent where the wear plate is immersed in 
lubricating oil or the bearing tray has filled 
with rain or sea water. Where wear down is 
determined to have exceeded 50% of the 
original wear plate thickness, the wear plate 
should be renewed. 

It should be ensured that the pivot pins do not 
have excessive wear or deformation. Pivot pins 
should be free to rotate where this is a part of 
their design. It should be noted that some pivot 
pins may be welded to one side of the hinge 
assembly and all rotation takes place on the 
other side of the hinge. 

All keep plates or other pin retaining devices 
should be checked for evidence of distress or 


(vi) 


(vii) 


lateral pin movement. Ensure all keep plates or 
other pin retaining devices are properly 
secured by bolting, welding or other means. 
The keep plate should be checked to ensure it 
really is secured to the hinge side plate and is 
not just resting in the pin slot by its own 
weight. Where the keep plate fits into a 
machined slot at one end of the pin, it should 
be checked that the lug formed by this 
machining has not begun to fracture at the root 
connection to the main body of the pin. In some 
cases the lug may have fractured right through 
and have fallen off leaving the pin free to move 
in one direction. It should be noted that even 
large pins with substantial keep plates can be 
displaced. 

Operators should be generally discouraged 
from refitting loose or missing keep plates by 
welding. Although a quick and effective 
solution to meet the immediate requirements 
of the survey, it can present problems for the 
future maintenance and inspection of the hinge 
by requiring the welded attachment to be burnt 
off resulting in possible damage to the hinge 
plates. In practice it has generally been found 
that welding keep plates in place or circum- 
ferential or tack welding of one end of a pin to 
a cheek plate is not effective. The welding 
invariably fractures after a relatively short 
period. The nature of the welding itself often 
disguises that a crack has already developed. 
Lubrication arrangements, where provided, 
should be in working order. Some large 
diameter hinge assemblies use a system of 
machined grease ways in the bearing shells 
and through the pin itself. Often connected to a 
remote grease delivery arrangement located 
conveniently on the quay, this system may 
become blocked or disconnected at the hinge 
assembly. A check could be made to ensure that 
grease is being delivered to the bearing 
surfaces by examining the exposed ends of the 
pin for evidence of excess grease being 
displaced from the bearing surfaces. 

Where pivot pins are withdrawn for 
examination, or where this is considered 
necessary by the Surveyor, surface crack 
detection of pins and supporting structure 
weld details may be carried out using magnetic 
particle inspection methods to supplement 
visual examinations. 


(e) Sheaves, sprockets, guide rollers, axle pins and 
bearings, etc. 


(i) 


(ii) 


(ili) 


(iv) 


(v) 


It should be checked that sheaves, sprockets 
and guide rollers, etc., are free from cracks or 
scores and that they are free to rotate. 

Rope grooves should be examined for scoring 
and sprockets for signs of abnormal wear, etc. 
Lubrication arrangements should be in 
working order. 

Axle pins and bearings should be checked with 
regard to deformation and excessive wear. 

All keep plates or other pin retaining devices 
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should be examined for evidence of distress or 
pin movement. Keep plates or other pin 
retaining devices should be properly secured 
by bolting, welding or other means. 


NOTE: 

In determining the extent of examination or dismantling, 
due regard should be given to the standard of main- 
tenance, state of lubrication and degree of use. 


(f) | Hydraulic cylinders, winches, etc. and attachments 

(i) All load bearing hydraulic systems, including 
ramp support/adjustment hydraulic systems 
and any ramp end flap hydraulic systems, if 
fitted, should be examined. 

(ii) The condition of hydraulic pipes should be 
examined and checked for leaks. 

(iii) Pistons, pivot pins and bearings, etc., should be 
checked for excessive wear and deformation. 

(iv) It should be determined that sheaves are free 
from cracks, scores and are free to rotate. 

(v) All keep plates or other pin retaining devices 
should be examined for evidence of distress or 
pin movement. Keep plates or other pin 
retaining devices should be properly secured 
by bolting, welding or other means. 

(vi) Mounting brackets should be free from 
deformation, cracks or damage. 


(g) Operating locks, stowage locks, safety guards, etc. 

(i) | Operating locks, safety guards and stowage 
locks should operate effectively. Parking 
pin/ramp lifting interlocks should be tested to 
ensure that neither can be operated without the 
other first having been disabled. A test should 
be performed on overload cut-outs or over- 
pressure relief devices fitted to adjustable 
ramps to ensure that these features operate at 
the limits of ramp travel. Limit switches should 
ensure that ramp travel is stopped before any 
unwanted contact occurs. 

(ii) Locking pins on latches, etc., and their 
respective location bearing parts should be 
checked for abnormal wear or deformation. 

(iii) Hydraulic actuating cylinders, etc., should be 
free from leaks, wear and abnormal deformation. 

(iv) Mounting brackets, etc., should be effective 
and securely attached to the pontoon or ramp 
structure. 


(h) Wire ropes forming part of ramp lifting arrangements 
(i) The entire length of ropes should be examined. 
(ii) A check should be made for broken, worn or 

corroded wires. In general, the rope should be 
replaced if the number of broken, worn or 
corroded wires exceeds 5% in any length of ten 
rope diameters. (Also refer to ISO 4309 for 
other discard criteria). 

(iii) Terminal fittings, splices, etc., should be 
examined with particular attention to broken 
wires at ferrule connections. Any covering on 
splices is to be removed for this examination. 


(j) | Chains forming part of ramp lifting arrangements 


(k) 


() 


(m) 


(i) 


(ii) 


(iii) 


An examination should be made of the chain, 
which is to be sufficiently free from grease and 
scale, etc., to enable a satisfactory inspection to 
be made. 

A check should be made for deformation, wear 
or other defects. If links require renewal the 
chain should be suitably heat-treated and 
re-tested. Replaced links should be of equivalent 
material and strength to the original. 

It should be confirmed that material is 
recorded on the test certificate. The certificate 
should distinguish between mild steel, higher 
tensile steel and alloy steel. 


Shackles, links, ete. 


(i) 


(ii) 


(iii) 


(iv) 


A thorough examination should be made under 
proper conditions for cracks, deformation, wear, 
wastage or other defects. Items should be free 
from paint, grease, scale, etc. 

It should be confirmed that the identification 
number and material is recorded on the test 
certificate. The certificate should distinguish 
between mild steel, higher tensile steel and 
alloy steel. 

If deformation of the shackles is found and 
re-setting is carried out, the shackle pin should 
be suitably heat treated, re-tested and certified. 
If the shackle pin is renewed, the whole shackle 
should be re-tested and certified. 


Rope drums 


(i) 


(ii) 


(iii) 


(iv) 


At least two turns of wire rope should be on the 
drum in all operating positions. 

The anchorages of all wire ropes must be 
effective. 

Drums should be checked for cracks and 
defects liable to damage the rope. 

The effective working of any fleeting device 
fitted should be checked. 


Mooring arrangements 


(i) 


(ii) 


(iii) 


(iv) 


(v) 


(vi) 


Yokes should not have excessive wear or 
deformation and joints should be secure. 
Brackets attaching yokes to pontoon structures 
should be effective and in good order. 

An examination should be made of mooring 
chains, which are to be sufficiently free from 
grease and scale, etc., to enable a satisfactory 
inspection to be made. Where considered 
necessary the Surveyor may require mooring 
chains to be lifted for proper examination 
ashore. 

Links should be checked for deformation, wear 
or other defects. If links require renewal the 
mooring chain should be suitably heat-treated 
and re-tested. Replaced links should be of 
equivalent material and strength to the 
original. 

It should be confirmed that the material is 
recorded on the test certificate. The certificate 
should distinguish between mild steel, higher 
tensile steel and alloy steel. 

The entire length of mooring ropes should be 
examined. 
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(vii) 


(viii) 


(ix) 


(x) 


(xi) 


(xii) 


(xili) 


Mooring ropes should be checked for broken, 
worn or corroded wires. In general, the 
mooring rope should be replaced if the number 
of broken, worn or corroded wires exceeds 5% 
in any length of ten rope diameters. The 
condition of any protective sheathing applied 
to the mooring rope should be checked. Where 
such sheathing is found to be damaged and the 
mooring rope exposed within, the accelerated 
corrosion liable to be found in this localised 
area may mean that the rope should be 
replaced. (Refer also to ISO 4309 regarding 
other discard criteria). 

Mooring rope terminal fittings, splices, ete., 
should be examined with particular attention 
to broken wires at ferrule connections. Any 
covering on splices should be removed for this 
examination. 

An examination should be made of all mooring 
arms, tensions tethers and adjustment beams. 
An examination should be made of all bolts for 
tightness ensuring that where bolts have been 
replaced they are of the same type and quality 
as previously fitted. 

The welds of mooring arm fabricated members 
should be checked for cracks. 

Mooring arm structures should be examined 
for corrosion, carrying out hammer tests as 
necessary. If considered necessary the thickness 
of structural items could be checked by drilling 
or other suitable methods. 

The load bearing plating and main structural 
members of mooring arms should be checked 
for local indentation or unfairness. 


(n) Civil engineering structures 


(i) 
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If damage is noted to quay mounted bollards 
used as part of a linkspan mooring arrang- 
ement this should be drawn to the Owner’s/ 
Operator's attention. 

Particular attention should be given to the 
holding down arrangements of bank seat 
bearings or hinges. Studs set in the concrete 
structure may be worked loose by the 
continual action of the linkspan itself. More 
often the nuts fitted to these holding down 
studs are found to be loose. Fitting of lock nuts, 
either a proprietary brand or a double nut 
arrangement would be preferred. 

Hinge bed plates are usually fitted to quay 
structures over a grouted base. The grouting 
may be examined for any sign of breakdown or 
deterioration. Where the grouting has only 
broken away around the perimeter of the bed 
plate this may safely be ignored as this is 
purely cosmetic. It would be of more concern if 
there is evidence of the grouting having broken 
out from below the bed plate. This is evidence 
of either settlement in the bank seat foundation 
or loosening of the bank seat bearing or hinge 
holding down arrangements. A check should 
be made for loose holding down nuts. A 
problem in this area may be readily determined 
by arranging for a heavy goods vehicle or fork 


lift truck to be driven over the bank seat /shore 
ramp interface whilst carrying out a close-up 
inspection of the bank seat foundation. Any 
movement in the bed plate should be clear. A 
check could be made for entrapped rain or sea 
water being displaced from the grouting/bed 
plate joint as the linkspan is loaded and 
unloaded. 


(0) Auxiliary machinery 


(i) 


(ii) 


(iii) 


An examination and test of ballast systems, 
where fitted, should be carried out. The testing 
of ballast systems may be conveniently linked 
with the examination of the bank seat bearing 
or hinge at both upper and lower extremes of 
travel. It should be noted that some linkspan 
installations are ballasted using fresh water. 
The Operator should be encouraged to use 
fresh water for ballasting purposes wherever 
ballasting operations are carried out on an 
infrequent basis in order to enhance the 
protection of ballast tank structures. 

An examination and test should be carried out 
on compressed air systems used to supplement 
buoyancy /ballast arrangements, where fitted. 
Auxiliary electrical systems should be examined 
and tested, where fitted. 


(p) Re-test 


(i) 


(ii) 


It is essential that all adjustable ramps, 
including those of the integral pontoon type, 
are operated at each survey to verify efficient 
safe working throughout the full operational 
range for each mode of operation and to ensure 
that the limit switches, interlocks, guards and 
safety devices operate satisfactorily. The 
Surveyor should witness this operational test. 
The operational test may be combined with 
examinations of other parts of the linkspan and 
its structure where this may be conveniently 
arranged, e.g. ramp underside structure, bank 
seat bearing or hinge, ballast system, etc. To 
fully satisfy this requirement it may be 
desirable to arrange this operational test to be 
carried out at Low Water Spring tide for certain 
types of linkspan. 

Re-testing of any ramp being used as a lifting 
appliance is necessary at 5-yearly intervals in 
conjunction with the Special Survey and when 
repairs have been carried out affecting the 
strength or as required by the Surveyor. 
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8 Common Problems 


8.1 General 


During the course of the Linkspan Review carried out in 
1997 over 60 linkspan facilities were inspected. Most of the 
installations were found to have some defects, some of a 
very serious nature. It soon became apparent that the 
defects encountered fell into various categories and a 
summary of the number of occurrences of the main 
problems found is given below: 


Articulations — pivots, bearings, hinges, etc. 36 
Structural (main structural members of 

pontoons, bridges, ramps, etc.) 29 
Civil engineering works (interface areas) 22 
Mooring /tethering arrangements 17 
Hoisting equipment (cylinders, winches, etc.) 7 
Miscellaneous 7 


8.2 Articulations 


The most common defect encountered related to the 
bearings, hinges, and pivots associated with the bridges, 
ramps and flaps. In a significant number of instances the 
pins were found to have either fallen out, or to be drifting 


Figure 59 
Ramp pin part-out 


Figure 60 
Flap pin out 
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out. Security devices such as keep plates, locking nuts, or 


split pins were invariably broken or missing. Figures 59 to 


61 show some examples found 


Figure 61 
Axle keep plate dislodged 


8.3 Structural aspects 


The second most common type of defect was found in the 
main structural members and support steelwork. The 
defects were usually caused by corrosion or by the relative 
movement between a static support at one end and a 
dynamic support (floating) at the other. Figures 62 to 64 


show examples. 


Figure 62 
Corroded trough section bridge beams 


Figure 63 
Cracked ramp hinge crutch 
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Figure 64 
Cracks between longitundinal and transverse flanges 


8.4 Civil engineering aspects 


Although these aspects are not included in the Class of a 
linkspan as defined in the new Rules they were included in 
the unscheduled inspections. Generally the defects found in 
this area concerned the breaking up of concrete in way of 
bankseat bearings or mooring bollards, and the deterio- 
ration in condition of guide pile supports. An example of 
the deteriorating concrete structure supporting a shore side 
ramp hinge and of an inadequate base arrangement for a 
shore mounted guide pile support column are shown in 
Figures 65 & 66. 


Figure 65 
Disintegration of concrete beneath ramp shore hinge 


8.5 Mooring and tethering arrangements 


Although defects to the mooring or tethering arrangements 
were not as common as those to articulations, main steel 
work structures, or civil works, it should be remembered 
that the failure of a mooring/tethering component may 
well cause the linkspan to move off station with possible 
disastrous consequences 


The most common defects in mooring systems was usually 
associated with the mis-matching of replacement shackles 
or chains, deformed loose gear items or with the 


displacement of pins in mooring tube bearings 


Figure 66 
Loosening of bolts for a shore mounted guide pile support 
column 


Tethering arrangements also suffered from displacement of 
articulation pins and defects at the civil works interface. 
Both are prone to modification by the operators without 
details of the modifications being submitted for approval. 


An example of a displaced mooring tube bearing hinge pin, 
a worn and corroded pontoon tethering bracket and a 
cracked mooring bollard with defective attachment bracket 
are illustrated in Figures 67 & 68. 


Figure 67 
Displaced mooring tube bearing hinge pin 


Figure 68 
A cracked mooring bollard with defective attachment bracket 
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8.6 Hoisting equipment 


Defective hoisting equipment consisted in the main of 
leaking or corroded hydraulic cylinders, worn or dryed-out 
ropes and distorted loose gear items. On one occasion a 
hydraulic cylinder supporting a loading ramp from 
pontoon to ship was found with its hinge pin bearing 


disintegrated. Some examples of these problems are shown 


in Figures 69, 70 & 71: 


Figure 69 
Corroded and worn-out cylinder with seized bearing 


Figure 71 
Distorted shackle 


8.7 Miscellaneous 


Other defects encountered that are worth mentioning are 
those associated with defective limit switches and 


spragging arrangements 


Limit switches should be fitted to prevent over-travel and 
to give protection against striking possible obstructions. 
One otherwise well maintained and operated non-buoyant 
linkspan was regularly lowered too far and made contact 
with the adjacent rock face, resulting in damage to the front 
underside of the ramp structure, because its limit switch 
was 1n-operative 
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Figure 70 
Dried-out ramp hoist rope 


Spragging bolts are engaged to lock hoistable ramps into 
position after it has been manoeuvred and before traffic is 
allowed over the ramp. They are also often used to support 
ramps when the hoisting arrangements (usually hydraulic 
cylinders) are disconnected for maintenance purposes 
Where fitted and used it is essential that they engage 
correctly and fully, otherwise the ramp could slip off or 
additional loading could be created into the structure. 
Figure 72 shows a spragging beam which is not fully 
pushed under the transverse beam of the ramp which 
caused crushing of the docking block and twisting of the 


open section spragging beam. 


Figure 72 
Incorrectly engaged spragging beam 
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@ 9 Conclusions 


Following the wide ranging Linkspan Review carried out in 
1997 covering the design and inspection of over sixty 
linkspan facilities world-wide a need was identified for a 
comprehensive re-write of LR’s existing Rules and 
procedures covering the classification of linkspans. 


Details of the knowledge and experience gained from the 
Review have been given in this Paper and the background 
to the development and application of these new Rules has 
been discussed. 


It is believed that these new Rules will provide an 
authoritative document which will be applicable to both 
current and future trends in linkspan design. More 
importantly, they will also ensure that designs which meet 
the requirements for Classification will, in conjunction with 
due care and attention by the operators, make the important 
link between the shore and ships inherently safer. 
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Appendix 1 


Current drag coefficients for pontoons 
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Figure A-1 
Longitudinal drag coefficient for rectangular pontoon in deep water 
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Figure A-2 
Transverse drag coefficient for rectangular pontoon in deep water 
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Figure A-3 
Longitudinal drag coefficient at various water depths for rectangular pontoon with current head on 
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Figure A-4 
Transverse drag coefficient at various water depths for rectangular pontoon with current beam on 


LR Technical Association: Paper No. 4. Session 1997-98 


Appendix 2 


Displacement and Deadweight 


As a first approximation, the displacement of a vessel may 
be obtained by multiplying the vessel’s deadweight by a 
factor based on previous similar ships. Typical values of the 
deadweight/displacement ratio are: 


Passenger liner, 0.35 
Container ship, 0.60 
Liquid gas carrier, 0.62 
Cargo ship, 0.67 
Ore carrier, 0.82 
Large tanker, 0.86 


Extracted from Rawson, K. J, and Tupper, E. C., “Basic Ship 
Theory”, 1979, p. 573, (Longman) 
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Synopsis 


In their earliest form, software based systems were a direct 
replacement for hard-wired systems, predominantly in the 
area of machinery control and monitoring. The relative low 
cost, reliability and flexibility of systems, together with 
increasing acceptance, has resulted in a rapid increase in 
their application in the marine environment, and in their 
complexity. 


There is now a clear trend towards system integration in 
safety related applications such as machinery automation, 
navigation and emergency management. A single failure or 
malfunction may have consequences for the safety of the 
ship due to the inter-dependency of systems. 


The Paper will consider these issues and discuss some of 
the implications in relation to Classification requirements. 
The survey of software based systems will be addressed 
and issues highlighted through case studies. Finally, the 


Paper will consider alternative approaches to the appraisal 
of these systems which could be applied within the 
Classification framework. 


Plate 1 
Engine Control Room on M/V Galaxy 
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1. Introduction 


Although programmable electronic systems (PES) have 
been around in a variety of forms for much of this century, 
their application in the marine industry was largely 
peripheral until the 1980’s. The relative cost of the 
technology continues to fall and reliability improve. Any 
initial resistance from the marine industry has long since 
been replaced by tacit acceptance and an ever increasing 
demand for complex systems. 


The principles of operation discussed in A. W. Finney’s 
1985 LRTA Paper ‘Microprocessors on Ships’ (Ref. 1) remain 
essentially unchanged, although the scale, speed and 
complexity of programmable systems has increased beyond 
recognition. A modern control room layout is shown in 
Plate 1. Furthermore, their application has extended to 
encompass almost every aspect of modern ship operation. 
This Paper will attempt to draw on the experience gained 
since the introduction of LR Rules for programmable 
electronic systems and provide an overview of the major 
concerns; and some of the implications for Classification. 


2 LR Rules for 
Programmable Electronic 
Systems 


The control engineering requirements of Part 6, Chapter 1 
of the Rules (Ref. 2) are long established and apply to all 
enabling technologies, e.g. pneumatic, hydraulic, electro- 
mechanical or electronic. The need for specific rules for the 
application of programmable equipment to machinery 
control, alarm and safety systems was recognised in the 
early 1980's and requirements were duly introduced in July 
1985. In the three years to July 1988 there were three major 
changes to the Rules, which were amended to keep pace 
with rapid changes in the technology and its application. 


A. W. Finney’s paper discussed the motivation and 
philosophy behind the 1985 Rules. These were primarily 
concerned with system hardware; its design, configuration 
and suitability for the environment in which it operated. The 
emphasis was placed upon LR Type Approval as the means 
of ensuring that hardware was capable of operating in the 
marine environment. Since early programmable systems 
were often designed for a more benign environment they 
were found to be unreliable when subjected to vibration, 
heat, electromagnetic interference (EMD), etc., encountered in 
marine service. 


When the first Rules were introduced, software was not an 
issue of great concern due to the functional simplicity of 
early applications. The software essentially mirrored those 
functions which had been previously implemented using 
traditional technologies. As systems became more complex 
to meet the demands of owners, these functions came to 
represent an increasingly small proportion of the systems’ 
overall functionality. However, the Rules primarily address 
‘core’ functions for essential services, and any additional 
functionality requested by the owner or provided by the 
manufacturer is beyond the scope of Classification. 


The first Rule requirements for software in 1987 concerned 
the need for quality procedures as a means of improving 
software reliability. Software Quality Assurance (QA) 
provided the mechanism by which a degree of confidence 
could be established in the systems’ ability to perform key 
functions. However, there was little guidance then available 
as to how QA techniques should be applied to commercial 
marine software engineering. This prompted, in 1988, the 
introduction of Rule requirements for software quality 
planning, describing the necessary features of the plan. 


Recognising the growing need for stricter requirements for 
safety functions, the Rules were revised in 1988 to require a 
consequence analysis to be submitted where programmable 
electronic systems were used to implement safety functions 
without a hard-wired back-up system. The type of analysis 
was not defined due to the preference for hard-wired 
systems, lack of available standards and the need to 
consider each case in context. Requirements for local area 
networks (LAN) were also introduced in 1988. The 


emphasis of these requirements was primarily on fault 
tolerance, e.g. the need for redundancy of components, 
fault containment, etc. 


Recognising the move towards a ‘control centre’ approach 
to shipboard automation, the optional ICC ‘Integrated 
Computer Control’ notation was introduced in 1990. This 
concerned the integration of previously disparate systems 
such as machinery control, navigation and cargo control 
with an emphasis on user interface. The ergonomic aspects 
were incorporated into the general Rules in 1997, leaving 
just the integration aspects under the ICC requirements. 


Although the PES Rules underwent three major changes 
between 1985 and 1988, they remained largely unchanged 
thereafter until 1997. Noting the developments in PES 
technology and its application, and after discussion with 
Surveyors and clients, it was considered that change was 
necessary. A review was duly undertaken in 1997 in order to 
produce revised Rules which address important issues in a 
cohesive and systematic manner. These new Rules were 
approved by the Technical Committee in 1997 and will be 
introduced during 1998. It is intended that these 
requirements will address the diversity and complexity of 
modern systems while preserving the underlying principles. 


The most significant change is the recognition that 
requirements should become more onerous as_ the 
consequences of system failure become more severe. A two 
tier approach has been adopted, with basic requirements 
applicable to all systems, and additional requirements for 
safety related systems, e.g. essential services and ‘safety 
critical’ systems. The requirements for local area networks 
have now been broadened to address all shared data 
communication systems, such as serial links and 
instrument buses. 


Many manufacturers, often for valid technical reasons, wish 
to implement safety functions using only programmable 
technology. A hard wired back up may no longer be a 
realistic option in all instances. To cater for this, 
programmable safety systems can now be accepted with a 
diverse back up system, such as to prevent possible common 
mode failures. Alternatively, safety systems complying with 
the requirements of LR’s Software Conformity Assessment 
(SCA) scheme (Ref. 3) may be accepted without back up as 
this provides a mechanism for demonstrating the integrity of 
the design and its development. 
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The Design and 
Development of Software 
Based Systems 


Ship owners need to reduce operating costs in order to 
profitably meet their business objectives. The trend towards 
automation and reduced manning is perhaps the most 
significant change in the industry in the last twenty or so 
years. To meet this demand for increased automation, 
systems are continually required to be capable of 
performing extra, and more complex functions. 


It is usual for the ship yard to invite tenders from a number 
of manufacturers for each major system. These are not 
usually specified in detail, and the yard will select a system 
based largely on commercial considerations, providing the 
owner is in agreement. Manufacturers tend, therefore, to 
supply modular ‘off the shelf’ solutions, customised where 
necessary to the needs of the installation. This enables the 
manufacturer to minimise their own development time and 
costs, but results in a lack of detailed specification and 
integration planning. 


While the technology has changed dramatically over the last 
decade or so, the practices of the industry have not. There is 
little evidence of what may be considered good IT 
(information technology) practice, such as detailed software 
specification, traceable verification and validation activities, 
and integration management. 


The responsibility for co-ordinating the various sub- 
vendors is usually vested in the ship yard, who do not 
necessarily have the expertise required to manage complex 
integrated IT projects. Instead, this task is devolved to the 
manufacturers, who ultimately are concerned only with 
their own scope of supply. Detailed system specification is 
left to the individual system manufacturers, often without 
any direct involvement of the end user. The effect is an 
absence of an overall system perspective. It is therefore 
unsurprising that problems tend to become apparent only 
when the systems are brought together on board. In terms 
of the overall life-cycle, this is a costly stage at which to 
begin rectifying problems arising from the lack of a detailed 
specification in the first instance. 


3.1 System approval 


System approval has traditionally required design 
appraisal, factory acceptance testing and sea_ trial, 
supported by survey under construction, installation, 
commissioning and service. The underlying premise of 
‘what you see is what you get’ becomes increasingly 
tenuous as the complexity of systems increase. Traditional 
survey techniques tend to reveal an ever smaller proportion 
of the whole. This shortfall cannot be made good solely by 
the efforts of the classification societies - shipyards, owners 
and manufacturers must also take greater responsibility to 
ensure that the system is right for the application. 
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It is a long standing assumption that wiring diagrams 
provide all the information necessary to progress design 
appraisal. For hard wired systems this is largely true. The 
operation of the various switches, relays, etc. is traceable 
and examination reveals the inherent functionality. For PES, 
the design appraisal process is complicated by the fact that 
the wiring diagram no longer offers such insights into the 
system's operation. Instead, documentation of the software 
logic becomes necessary. This is best presented in the form 
of flow charts, ladder logic or other graphical means, rather 
than often abstract code, together with a suitably detailed 
functional specification. Review of the code itself is 
unfeasible due to the considerable time and effort required, 
and the number of development tools and languages which 
may be potentially encountered. In practice, the docu- 
mentation requested by the Rules is often not submitted in 
the first instance, leading to considerable difficulties in 
approving systems at a suitably early stage in the design. 
The effectiveness of design appraisal is also limited by the 
lack of any overall perspective on the total system, in terms 
of the various components and systems which, in 
conjunction, provide the functionality required by the Rules. 


The purpose of the factory acceptance test (FAT) required by 
Classification is to demonstrate that the system functions in 
accordance with the Rules. For simple systems, a ‘black box’ 
approach suffices, i.e. ensuring that a given input generates 
the expected output. However, as complexity increases, this 
approach is found to be lacking. It cannot be assumed that a 
given input will have the desired output under all possible 
conditions. The number of possible permutations of states 
quickly becomes so large as to render black box testing 
unfeasible as the sole means of system validation. 


While ‘black box’ testing may highlight some of the more 
obvious deficiencies, it is of limited relevance to the 
system’s overall functionality. Many software bugs (or 
deviations from expected behaviour) become apparent only 
in time and may necessitate further modification to the 
software; before, during and after installation and trials. It 
is also important to recognise that, for Classification 
purposes, the FAT is concerned only with the functionality 
required by the Rules. For complex systems, this may be a 
relatively small proportion of the overall functionality. The 
greater part of the system may go largely untested if the 
owner does not take responsibility at this stage. 


Similarly, where a system or component is to be integrated 
with others, testing each part individually does not 
necessarily imply that the integrated system will function 
as intended. At best, some limited simulation may be 
available during the FAT. It is more likely that any 
underlying problems will be revealed only when the 
systems are commissioned, or even once in service. Such 
faults are often difficult to detect and highly complicated 
and costly to remedy at such a late stage. 


3.2 System Integration 


There is an increasing trend towards the integration of 
systems; sharing common resources and information. 
Means of data communication are varied, although still 
primarily based on network or serial link technology. 


Sensors, actuators and interfaces were traditionally 
dedicated to specific functions, with communication by 
means of dedicated links between components. In control, 
alarm and safety systems these typically took the form of 
analogue voltages, 4 to 20 mA current signals or volt free 
contacts. The advent of automation gave rise to the 
interconnection of systems. Typical examples include 
centralised machinery alarm systems and_ bridge 
propulsion control systems. In the event that any one link 
failed, or that the automation system itself failed, systems 
effectively reverted to stand alone operation. Basic 
functionality could be retained, albeit requiring additional 
manual effort. 


The advent of serial communication links meant that such 
information was converted into a digital format before 
transmission, offering the opportunity to reduce the effects 
of noise and provide some error detection and correction 
facilities. Several signals could now share the same 
transmission medium using multiplexing techniques 
although the essentially hierarchical system architecture 
remained unchanged. An example of this is shown in 
Figure 1. 
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Figure 1 
System architecture with dedicated links 


The next logical step was the introduction of data networks 
which offered a common transmission medium, allowing 
data to be shared across a number of different systems. This 
offered the opportunity for a substantial decrease in cabling 
and hence installation cost. The major disadvantage was the 
possibility that all communication between systems could 
be lost in the event of a fault on the network or any related 
components. Redundancy and segregation were therefore 
necessary to provide an acceptable degree of fault tolerance. 


The emergence of ‘field-bus’ type instrument networks 
offers further potential for cost reduction by removing the 
need for individual cables to each sensor and actuator. 
However, a fault on such a network could potentially result 
in the loss of control, alarm and safety functions within a 
system. Arrangements for redundancy, segregation and 
fault tolerance must therefore be considered. Smart field 
devices are now being developed which have limited 
processing capabilities, offering the potential for further 
decentralisation of control, alarm and safety functions and 
improved fault tolerance. 


Future architectures are likely to be shaped by the changing 
needs of the industry. For example, the advent of initiatives 
such as port state control and the ISM Code has led to an 
increased demand for shipboard management systems, 


providing the user with a complete overview of the ship 
and centralised access to its systems. Such changes have led 
to a need for data exchange between administration and 
automation networks. Gateways are employed to provide a 
‘fire wall’ between networks, preventing fault propagation. 
A typical architecture of this type is shown in Figure 2. This 
diagram is simplified for clarity, omitting various switches, 
bridges, etc., typically found in a real installation. 
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Modern integrated system architecture 


Processing is becoming increasingly decentralised as 
systems make use of common data repositories in sharing 
resources across traditional boundaries. The functional 
distinction between the various networks is becoming 
increasingly blurred. The effect is a move from vertical to 
horizontal integration, with flatter, less hierarchical 
architectures. Figure 3 shows how network architectures 
may be structured in the near future. Before such 
architectures can be realised, some of the inherent 
limitations of existing data communication protocols must 
be addressed. 
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Figure 3 
Future integrated system architecture 


3.3. Data Communication Protocols 


The communication of information between two devices 
can be a complex process, but is often taken for granted. It 
is not enough to assume that, because two devices are 
physically connected, information transmitted by one will 
be received and understood by the other. 
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A recent report by the US National Transport Safety Board 
identified data communication as a contributory factor in the 
grounding of a cruise ship off the US coast (Ref. 4). The 
navigational GPS (Global Positioning System) reverted to 
dead reckoning (DR) mode on the occurrence of an antenna 
fault. The track-pilot, which used the GPS data for its 
reference, was not configured to read the status information 
attached to the position reference message which indicated 
the change to DR. The track pilot itself was configured to use 
DR as a performance check. As both positions were now DR 
derived, the off-course alarm was effectively disabled. The 
vessel deviated from its intended course over a period of 
several hours as DR error accumulated, leading to an eventual 
grounding. With regard to human error, over-reliance on an 
automatic system was found to be a contributory factor. 


The Open Systems Interconnection (OSI) model (Ref. 5) was 
developed by the International Standards Organisation (ISO) 
in order to provide a reference model for data exchange. The 
model, shown in Figure 4, essentially divides the various 
tasks involved into a series of a functional layers, through 
which information is manipulated, until the data is physically 
passed by means of electrical signals on the network. 
Information is processed using software in the higher layers; 
the data is handled by hardware at the lower layers. 


The model illustrates that peer to peer communication 
requires a high degree of manipulation of information (then 
data), as it is passed through the various layers. Each layer 
must be functionally and logically compatible with those 
above and below. A wide variety of recognised protocols for 
data exchange are available which define the means by 
which the various functions can be implemented, e.g. IEEE 
802 series standards. In practice the various protocols do not 
readily equate with the model and, in fact, many predate the 
model. Attempts to integrate different protocols inevitably 
require ‘glue’ software to effect protocol conversion. When 
considering that a shipboard system may involve the on- 
board integration of multiple systems from a number of 
vendors, it is not surprising that communication problems 
often arise during commissioning. 
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Figure 4 
Open Systems Interconnection (OSI) 7 layer model 
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Ethernet with TCP/IP (Transmission Control Program / 
Internet Protocol) is highly popular due to its availability 
and relative low cost. Complementary higher layer 
(application) protocols, such as MITS (Marine Information 
Technology Standard), are being developed as the demand 
for an industrial standard grows. Like all networks, it has 
certain characteristics which need to be considered before it 
can be safely employed. 


The major issue of concern with Ethernet based systems is 
the medium access control (MAC) method, i.e. how each 
device accesses the network when it wishes to transmit 
data. Ethernet is based on the CSMA/CD (Carrier Sense 
Multiple Access/Collision Detection) method of access 
control, utilising the principle of contention. Each device 
waits until the network is free from traffic before 
attempting to transmit. However, it takes a finite time for 
data to propagate along the network, with the result that 
another device may have already transmitted. The result is 
a data collision and an aborted transmission. On receipt of 
a collision indication, each device will then ‘back off’ before 
attempting to re-transmit at a later time. This method of 
access control is very popular where data latency, i.e. the 
overall transmission time, is not critical. 


It is important to note that this protocol is fundamentally 
non-deterministic. That is, the data latency is not fixed but 
will depend upon load. As the load increases, so will the 
number of data collisions, and hence performance will 
degrade as the effect of delay is propagated through the 
system. This is analogous to a traffic jam. A commonly 
encountered example is the effect of a blackout on an 
Ethernet based machinery alarm system. A burst of alarms 
will occur within a very short period as each local system 
reports a fault, thereby ‘jamming’ the network. Such jams 
may take several minutes to clear, or even necessitate 
manual reset. This example illustrates that Ethernet based 
alarm systems should not be used where guaranteed 
transmission is required, e.g. real time control or safety 
related data, or where high loading could be expected 
during normal operation. It should be noted that the Rules 
specify an upper limit of two seconds for data latency in 
normal operation. The advent of open systems and ‘plug 
and play’ applications could potentially result in the load 
(and hence data latency) increasing to unacceptable levels if 
due care is not taken. 


Ethernet based systems are also unsuitable for applications 
where a variable data latency cannot be tolerated. For 
example, a distributed control system with centralised 
processing requires a pre-determined latency, to be taken 
account of in the design of the control algorithm. That is, a 
deterministic response is required. Otherwise, a variable 
transmission delay might result in an unacceptable 
transient response or even instability due to the mismatch 
between assumed and actual performance. 


The increasing integration of administrative and decision 
support functions must also be carefully considered. Until 
such times as protocols are available which support often 
conflicting demands, (e.g. bulk data transfer and 
deterministic response), networks should be configured 
such that a fault on the administration network or any 
common components will not affect the performance of the 


network handling control, alarm or safety data. A limited 
degree of one way data transfer to the administration 
network may be possible via a fail-safe gateway. 
Administration networks are more likely to have open, and 
often remote, access. Adequate security measures should 
therefore be in place to ensure that any modification to the 
system software, either deliberate or by virus infection, will 
not corrupt software associated with control, alarm and 
safety functions. 


The adaptation of non-‘marinised’ protocols for shipboard 
use is inherently restrictive. It is likely that the next 
generation of shipboard data networks will be based on 
common standards, and capable of handling high volumes of 
data with deterministic response. The tele-communications 
industry is leading the development of high capacity 
networks, capable of handling demanding applications 
such as real time audio and video communication. The 
application of these techniques to marine systems could 
potentially revolutionise the operation of ships. The 
shipboard systems may be linked by satellite to the office 
on shore, providing technical and administrative support 
on demand. This trend is already apparent in the offshore 
industry, where unmanned installations are monitored on 
shore via telemetry links. 


A single ‘plug and play’ network standard for ships is 
conceivable, particularly as the industry moves towards 
‘turnkey’ solutions to IT problems. All functional elements, 
such as sensors, actuators and interfaces, could eventually 
connect directly to a common network, designed to achieve a 
high degree of fault tolerance. This would be a truly integrated 
system, offering functionality far beyond current capabilities 
but would inevitably require a radical change in the way the 
systems are developed and how projects are managed. 


In order to achieve functional segregation, control, alarm 
and safety functions have traditionally been implemented 
using independent systems. However, in an integrated 
system, functional independence need no longer imply a 
need for physically separate systems. Reversionary modes 
and graceful degradation could ensure that functions can 
be maintained in the event of the loss of a sensor, actuator 
or other component. 


To summarise, system integration is becoming an 
increasingly important aspect in design and operation. 
Many of the problems described are common to all means 
of integration, be that by serial or network technology. 
While integration can improve functionality and fault 
tolerance, it is imperative that these features are designed 
into the system, otherwise their suitability cannot be 
assured or ascertained. 


4 System Safety 


The growing complexity of systems has many implications 
for safety and what it means in the context of the design, 
development and use of programmable systems. Safety, or 
the freedom from unacceptable risk of harm, is a subject of 
considerable debate as society has struggled to move away 
from a reactive blame culture; acting in hindsight against a 
perceived cause of harm towards a risk based approach. 
Risk may be inherent to the application, or arise as a result 
of the programmable systems’ response to external events. 


4.1. Safety applications 


Programmable electronic systems are often used to provide 
safety related functions. This relationship may be direct and 
obvious, in that failure of the system to function on demand 
will give rise to unacceptable risk. However, the 
relationship may be indirect or less obvious, and often 
highly contextual. These aspects of risk are of particular 
significance in the marine industry where hardware, 
software and user must safely inter-react in an often 
difficult environment. 


Functions may be considered safety critical if their operation 
or failure could compromise the safety of personnel. For 
example, a CO2 fire protection system is obviously safety 
critical in that incorrect operation could be fatal, from either 
fire (failure on demand) or asphyxiation (unintended 
operation). Personnel safety systems are usually the 
responsibility of the national authority or their nominated 
representatives. Unfortunately, current statutory regulations 
offer little guidance on the use of PES in this area. With regard 
to classification, safety features intended to prevent fire or 
explosion could be considered safety critical. Examples may 
include emergency manual or automatic shutdowns for 
‘category A’ machinery items, inert gas systems for hazardous 
cargo tanks, or other such systems providing the last line of 
defence. There is no rigorous definition of which systems are 
safety critical as this will depend on the application and the 
risks inherent in the design. 


Essential services, such as steering and propulsion, may be 
considered safety related in view of potential hazards such 
as collision or grounding. The risks of these hazards tend to 
be dependent on context. A steering gear failure may not be 
immediately dangerous when the ship is tied up along- 
side, but is likely to be so when manoeuvring in confined 
waters. Availability, reliability and maintainability (ARM) 
factors are therefore relevant to safety since it is the 
integrity of the system which serves to mitigate risk. 
Management functions, providing decision support, could 
also be considered as safety related. While ultimate 
executive authority may still be vested in the human 
operator, an incorrect or misunderstood indication could 
result in inappropriate action being taken. 


The primary concern with such systems is to ensure that 
risk is properly managed. To achieve this, the degree of 
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rigour associated with system design and development 
activities should be commensurate with the integrity 
required of the system. 


4.2 Failure to safety 


One major safety consideration is the response of a system in 
the event of a fault. LR’s Rules have long required that 
systems are fail-safe, evaluated on the basis of the complete 
installation. Considerable care is required when this 
philosophy is applied to programmable systems. Equipment 
may fail in a variety of ways (e.g., defaulting to a pre- 
determined state, freezing in the current state), and care 
needs to be applied when considering what risks may arise. 
This is particularly relevant to complex systems and further 
emphasises the importance of proper integration in ensuring 
continued safe operation. 


The understanding of ‘fail-safe’ differs between the offshore 
and marine industries. For offshore process systems, fail-safe 
can be achieved by shut down and isolation of faults. While 
poor process system availability may be financially 
unacceptable, it poses little inherent risk. This philosophy 
cannot however be generally applied to ships, where some 
services are considered essential and, by extension, must be 
available on demand. For example, it is a SOLAS requirement 
that the pre-set speed and direction are maintained in the 
event of a fault in the propulsion machinery control systems. 


Difficulties can arise when attempts are made to reconcile 
these philosophies. Floating Production, Storage and Off- 
loading (FPSO) vessels and shuttle tankers are typical 
examples of where this conflict may be encountered in 
practice, particularly where the integrated control systems 
are employed. 


4.3 Human factors 


There is increasing awareness of human factors in the 
design and operation of complex systems as a means of 
reducing risk. It is often quoted that most accidents are 
attributed to human error. Considerable research has been 
conducted into how this may be improved, some of which 
has been recently been presented to the Technical 
Association (Ref. 6). 


Within the scope of this Paper, the interaction of the user 
and the system, via a man-machine (or human-computer) 
interface (MMI or HCI) is particularly relevant. At best, 
systems traditionally been designed around 
ergonomic criteria based on the perceived capabilities of 
some notional user; then the actual user is adapted to meet 
these notional criteria, e.g. by virtue of selection and 
training. Although good ergonomic design can 
undoubtedly reduce the potential for incorrect operation 
(and hence risk), experience would seem to suggest that 
this approach is ultimately limited. 


have 


The current trend towards human centred design attempts 
to address these issues by making the end user integral to 
the design and development of the system. Design of the 
interface should directly involve the end-user, rather than 
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by the assumption or guesswork currently practised. The 
design process then becomes iterative as prototype 
solutions are developed and modified until they are found 
to meet the user’s needs. This approach to HCI design is 
clearly a major evolution of current practice, but one which 
may become necessary if the statistics relating to human 
error are to significantly improved. 


One major aspect of human factors often neglected by the 
marine industry is the context of use. This extends basic 
system ergonomic concerns to the broader issues of the 
interaction between the user, the hardware and the 
software, involving aspects such as cognitive skills, 
training, culture, etc. As a trivial example, consider the risk 
of an operator being unable or slow to take corrective action 
because information is presented in a language which is not 
readily understood; a common problem in ship operation. 
A model for the total system is shown in Figure 5. An 
approach which recognises the risks in the total system 
could undoubtedly go some way towards improving the 
catalogue of incidents ascribed to human error and perhaps 
alleviate some of the limitations of the existing regulatory 
framework in the marine industry. 
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5 Software engineering 


While the dependability of system hardware has 
undoubtedly improved over the last twenty years, the same 
cannot always be said of software. The complexity of 
software has expanded to match the capabilities of 
hardware, and it is often good software engineering 
practices which are sacrificed in an attempt to satisfy the 
demand for product. 


Software engineering is characterised by a multitude of 
languages, tools and processes. In view of this, attempting 
to establish the fitness for purpose of the end product 
remains a difficult task. This section will consider some of 
the underlying issues which often give rise to the problems 
encountered. 


5.1. Process or product 


Software engineering differs from ‘traditional’ engineering 
in that its end product is rather nebulous. It cannot be 
pressure tested, nor can it be subjected to an over-voltage. 
Software can be subjected to various analysis techniques, 
but these are often esoteric and of questionable benefit. 


Software can also be considered as merely a series of 
instructions which, when properly executed, serve to 
provide desired functions. From this viewpoint, software is 
essentially a process, rather than an invariant product. It is 
this duality which is the root of many of the problems 
associated with software based systems. 


There are two common approaches to assessing marine 
software based systems, each with their own limitations. 
The first may be considered as the product view of 
software. This approach is purely functional and is based 
upon system testing and the rigorous definition and 
identification of component parts, both hardware and 
software. This is essentially Type Approval - software as an 
invariant system component, tested under a defined set of 
conditions. However, a ‘black box’ approach is inherently 
restrictive and often unrepresentative for complex or 
integrated systems as the testing can never be fully 
comprehensive. The approach does not reconcile itself to 
on-going modification since, in principle, the system 
should be fully tested and redefined after each alteration. 
Practice has shown that software based systems are rarely 
invariant and will be subject to changes throughout their 
life-cycle. Comprehensive testing becomes impractical once 
the system is installed in the working environment, 
undermining the very basis of the Type Approval approach 
to software. 


In contrast, the process view of software lends itself to an 
assessment approach based on the development process, 
with a corresponding emphasis on quality assurance. This 
approach requires software development activities to be 
subject to adequate procedural controls. Survey and audit 
activities provide an external cross check on the QA 
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activities. Unfortunately, software QA does not in itself 
guarantee good software, nor does its absence automatically 
imply bad software. However, it is increasingly recognised 
that a traceable, documented design and development 
process is of long term benefit in managing both cost and 
risk, particularly for complex systems. 


With regard to Classification, LR Rules have long addressed 
the need for a balanced approach to product and process. 
Despite software QA having been a Rule requirement for 
over ten years, it remains a contentious issue. It is difficult 
to enforce process requirements if the manufacturer does 
not have a mature QA system already in place. Since QA 
cannot be applied retrospectively, meaningless exchanges 
of paper can result in attempting to apply the letter of the 
Rules, if not the spirit. 


The question of what can be done in the absence of 
adequate software QA remains a major problem, without 
any clear solution. The best compromise seems to be to 
adapt the assessment approach according to application 
and risk, but this would require the industry to adopt a 
more systematic approach to risk management. 


5.2 Software Management 


The software life-cycle provides a ‘cradle to grave’ 
perspective on a system from initial concept through to 
final decommissioning. By defining each stage of the 
process, activities can be planned and structured in a 
systematic manner. Proper project management is 
important in ensuring that the system is ultimately suitable 
for its intended application. A life-cycle model is shown in 
Figure 6, showing typical stages and how they inter-relate. 


The life-cycle model also illustrates the need for QA and the 
subsequent importance of traceability and proper 
documentation. Although software in itself may be difficult 
to quantify, its documentation forms the primary basis for 
assessment, at least until the system is realised. 
Configuration management is equally important in this 
respect. Each version of the software should be uniquely 
identified and changes fully documented. The software 
configuration management should be fully integrated with 
that for hardware since it is the system, not the software, 
which provides functionality. 


At the core of the life-cycle are the through-life verification 
and validation (V & V) activities. Two distinct questions are 
asked. 


Verification 
Validation 


e Is the system right ? => 
e Is it the right system? => 


Verification ensures that the system conforms to its detailed 
specifications at each stage of its development. It is 
therefore concerned primarily with intrinsic design issues. 
Adequate verification is often lacking in the marine 
industry; a problem arising from the lack of detailed 
specification. Verification activities are in general the 
responsibility of the manufacturer, usually carried out in 
accordance with generic QA procedures. 
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Life-cycle model for programmable electronic system 


LR Rules require that life-cycle activities are subject to a 
Quality Plan, although this is often absent at the outset. The 
plan is intended to facilitate proper project management 
and should link the generic QA system (where this exists) 
to the application. Specific responsibilities and activities 
should be clearly defined and related to the life-cycle. This 
is particularly relevant where there is integration with other 
systems or components, either embedded or external, and 
should include sub-vendors and contractors. 


Validation ensures that the system conforms to 
expectations, e.g. of the yard, the owner or the classification 
society, and generally considers the system’s extrinsic 
properties. With regard to Classification, validation 
involves ensuring that the Rules are complied with. 


One major problem associated with V & V activities is the 
use of commercial off-the-shelf (COTS) software, such as 
operating systems or code compilers. For V & V purposes, 
these tend to be a ‘black box’, and a potential source of 
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system faults. Software ‘type approval’ techniques such as 
LR’s Software Conformity Assessment Scheme could in 
principle be applied, but COTS software is often not 
specific to the marine environment, and suppliers have 
little interest in pursuing such options. Everyday 
experience with commercial software products suggests 
that reliability is often poor, and is unlikely to be acceptable 
in a safety related application. The degree to which the 
Rules can be applied to COTS software is limited and 
determined largely by the context of use and complexity. 
The intended application and the potential consequences 
and likelihood of failure should be carefully considered. In 
the absence of any means of verification, special attention 
should be paid to the testing of systems incorporating such 
components, particularly the possibility of common mode 
failures. 
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6 Surveying Software 
Based Systems 


The survey of software based systems presents significant 
challenges to the Surveyor, not least because a ‘general 
examination’ reveals little of the hidden complexity. 
Surveyors should not be afraid to question or seek further 
information when such systems are presented for survey, in 
order to establish that the system is designed in accordance 
with the Rules and has been duly approved. 


Where systems are to be integrated, the operation (or 
failure) of a non-Class system can affect the functionality of 
those systems addressed by the Rules. Any such inter- 
dependencies should be identified and thoroughly tested. 
The approval of the design and test schedules are 
particularly important in these respects. 


The following sections will consider some of the more 
significant aspects of the various stages of survey. Some 
examples are included in Appendix I which serve to 
illustrate typical problems which have been encountered on 
survey. 


6.1. Survey at Manufacturers’ Works 


The control engineering Rules require that major items of 
equipment associated with control, alarm and _ safety 
systems are to be surveyed at the manufacturers’ works, 
involving both inspection and testing. There is no fixed 
definition of what constitutes a ‘major’ item as this will 
depend on the application. As a rule of thumb, any safety 
related item equipment which cannot be readily and simply 
tested should be considered a ‘major’ item. If there is any 
doubt, then guidance should be sought from an authorised 
plan approval centre. 


The emphasis of the inspection is to ensure that the system 
is constructed in accordance with the Rules, i.e. that all 
components are suitable for the intended environment and 
application, and are properly installed. As the design 
should be approved, the Surveyor should not hesitate to 
question the approval status of the system or any 
programmable equipment if there is any doubt. For 
example, a manufacturer may wish to replace a LR Type 
Approved PES for reasons of cost or increased processing 
power. Any such modifications should be approved in 
advance. 


With regard to factory testing, the Surveyor will not 
normally be involved in unit or module testing performed 
for verification purposes. However, this does not excuse the 
manufacturer from performing these tasks, and evidence of 
adequate verification should be available on request. The 
factory acceptance test (FAT) is the primary means of 
system validation for Class. With this in mind, care should 
be exercised when considering exactly what is being tested, 
and how the system is supposed to function. The 


12 


manufacturer may wish to test the system using software 
under development or developed for another application. 
Such software may not be representative of the final 
application software and the limitations of its use must be 
recognised. While such testing may be useful in terms 
identifying hardware problems, it does not necessarily fulfil 
the aims of the FAT for Class. The actual application 
software must be tested regardless. If this cannot be 
accomplished before delivery, the Surveyor should seek 
advice from an authorised plan approval centre and should 
ensure that any report or certificate clearly states exactly 
what has been tested, including identification of software 
versions. Testing under abnormal signal conditions is also 
required to ensure that the system does not become 
unstable, overload machinery or otherwise fail to an 
inappropriate state. It is important that these aspects are 
tested at the FAT, as there may be little opportunity for (and 
much opposition to) testing of this kind after installation. 


6.2 Surveys During Construction 


Once the system has been delivered to the yard, the 
attending Surveyor should be in possession of all necessary 
approval documentation in order to ensure that there are no 
major design issues outstanding. A copy of the approved 
FAT procedure and Surveyors’ reports should also be 
available for reference, particularly if matters have been 
raised at the FAT which require subsequent modification. 


Surveys during commissioning should address installation 
aspects such as the power supplies, cabling and location. 
For example, redundant data bus cables should be 
separated by the width of the ship, not the width of a cable 
tray. All equipment should be located such that it is 
afforded adequate protection and can operate safely within 
its stated environmental range. The Surveyor should also 
pay attention to the integration of systems, ensuring that 
any hardware or software changes do not affect other 
systems or otherwise compromise integrity. 


During commissioning it is normally necessary to carry out 
some software maintenance, such as assigning tags, scaling 
parameters, etc. This process should be carried out in a 
systematic and verifiable manner. Any changes which affect 
the systems’ functionality should not be accepted without 
prior approval, otherwise the FAT may be negated. All 
major changes should be documented and authorised 
before commencement, both by the attending Surveyor and 
by those responsible for the design. Modified software 
should be assigned a new version number for identification 
purposes and backup copies routinely made. The task of 
the Surveyor during the commissioning period can be 
difficult due to the number of systems and persons 
involved. A typical control room installation is shown in 
Plate 2 in which a number of keyboards are clearly visible. 


Further functional testing is necessary on completion of the 
installation. Such testing is usually conducted in two phases - 
at the quay-side and during sea trials. Harbour trials ensure 
that systems have been properly commissioned, e.g. that all 
inputs and outputs function correctly and that adjustable 
settings and tunings are correct, (i.e. static testing). The sea 
trial provides dynamic testing, demonstrating that key 
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Plate 2 
Communication control room during installation 


functions are operating satisfactorily in a_ realistic 
environment. Together, the FAT, harbour and sea trials serve 
to demonstrate that the system is properly designed, 
developed and commissioned, and is therefore fit for service. 
All are equally necessary. 


6.3 Periodical Survey 


The general examination required by the Regulations may 
reveal the system to be in need of repair, or whether any 
hardware modifications have been made. Particular 
attention should be paid to changes to programmable 
components such as EPROMs (Erasable Programmable 
Read Only Memories), which are often replaced without 
notification. Such matters may merit a memoranda item on 
the Survey Report if re-testing or further investigation is 
required. In more serious cases, a Condition of Class may 
be warranted, e.g. unapproved and untested software 
modifications in a safety related system. 


It should be ascertained whether any problems have been 
reported, or whether any software changes have been made 
or are considered necessary. Such matters should be clearly 
identified in the Survey Report, including software version 
numbers where applicable. In the absence of approved 
change documentation, the Surveyor may consider that 
further action is necessary, e.g. testing to an approved 
schedule, and should make the appropriate recom- 
mendation. 
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7 Marine standards for 
software based systems 


A large number of standards are currently under 
development with a view to defining best practice for 
software based systems in the marine environment. 
Unfortunately, standards tend to take several years to 
develop, and for a rapidly changing technology such as 
PES, obsolescence is a major problem if the standards are 
overly prescriptive. The emergence of specific technical 
standards, together with more generic framework type 
standards, should improve consistency across the industry. 


At the highest level, the most significant bodies are the 
International Maritime Organisation (IMO) and_ the 
International Association of Classification Societies (IACS). 
Noting the concern over the increasing application of PES, 
the IMO delegated IACS and the Norwegian Maritime 
Directorate (NMD) to produce Guidelines for the On-Board 
Use and Application of Computers. These were sub- 
sequently prepared and submitted to the IMO Navigation 
(NAV) Sub-Committee in 1996. Recognising their greater 
significance, the document has been referred to the Design of 
Equipment (DE) Sub-Committee for further consideration 
during 1998. The [ACS/NMD Guidelines have become an 
enabling document influencing a number of emerging 
standards and future IACS Unified Requirements. IMO are 
also responsible for performance standards for shipboard 
equipment, much of which is now software based. 


The main body for standardisation in the field of PES is the 
International Electro-technical Commission (IEC), which 
has two highly active technical committees undertaking 
standardisation work in the marine sector. 


IEC TC18 is responsible for electrical installations on ships, 
covered by the IEC 92 series of standards. IEC 92-504 is the 
main control and instrumentation standard for ships, 
developed by the working group WG16. This document is 
currently under revision to take account of the IACS/NMD 
Guidelines and emerging environmental testing require- 
ments applicable to PES. 


IEC TC80 is responsible for radio-communications and 
navigation. This committee has developed a number of 
technical and testing standards for electronic chart systems, 
radars and other bridge equipment. In addition, they are 
responsible for the on-going development of several 
international standards relevant to system integration. 
These standards are likely to become highly influential in 
the future if the trend towards integrated systems 
continues. 


The IEC 61162 series define digital interfaces for system 
interconnection. IEC 61162-1 specifies formats for serial link 
data sentences, based on NMEA 0183, the de-facto 
industrial standard developed by the US National Marine 
Electronics Association. IEC 61162-2 is a high speed variant 
developed for the needs of special service craft. IEC 61162- 
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3 will be a controller area network standard based on the 
emerging NMEA 2000. This is based on CAN-bus and is 
essentially a field-bus type system, originally developed by 
the automotive industry. IEC 61162-4 addresses system 
integration using MITS with Ethernet and TCP/IP as 
previously discussed. Other relevant standards include the 
draft IEC 61209 standard for integrated bridge systems 
(IBS) and the future IEC 61924 for integrated navigation 
systems (INS). 


The International Standards Organisation (ISO) are also 
active in the field. In particular, TC8 is responsible for 
shipbuilding and marine technology. The computer 
applications sub-committee SC10 is currently considering 
the role of IT in shipboard management, with a view to 
integrating previously disparate tasks such as automation, 
navigation, administration and shore support. These 
functional standards may ultimately form the link between 
the performance based IMO requirements and the technical 
IEC requirements. 


There are additionally a number of general IEC, ISO and 
other national and international standards which may 
influence the marine industry. IEC 61508 is a draft standard 
for functional safety and is becoming increasingly 
influential, particularly in terms of prescribing consequence 
classes as a means of categorising system risk. The ISO 9000 
series of quality standards are also of major significance, 
particularly the ISO 9000-3 guidelines for software QA. ISO 
TC184 is currently developing standardised exchange 
protocols (STEP) for common data representation, 
supporting generic and specific data communication 
standards. Standards for ergonomics and human centred 
design are also under development at ISO. These can all be 
applied, with appropriate consideration, to marine systems. 


There are clearly a large number of standards which can 
apply to marine systems, developed by a number of 
disparate bodies. A number of liaisons have been 
established in a belated attempt to ensure compatibility as 
new standards emerge. Most standards have emerged in 
the last few years and are not universally accepted or 
applied. This is largely unhelpful for an industry which has 
to satisfy a number of regulatory bodies, each of which may 
interpret or use different standards in different ways. Until 
such times as the situation is stabilised and emerging 
standards mature, classification society rules will remain 
the most influential source of PES requirements in the 
marine industry. 
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8 Future approaches to 
assessment 


The key to dependable PES lies in striking the correct 
balance between prescriptive and functional requirements; 
and ensuring that these requirements are consistently and 
rigorously applied. 


Prescriptive requirements specify how something is to be 
achieved and are best suited where experience or theory 
provides a tried and tested design solution. This remains 
the approach of most classification rules. An over reliance 
on prescription can however be problematic if the 
underlying assumptions no longer apply. Such an approach 
can hinder the development and acceptance of potentially 
better design solutions. 


In contrast, functional requirements specify the desired 
outcome, rather than the method by which it is achieved. 
Such requirements are more suitable where a variety of 
design solutions of comparable merit exist. They are 
particularly relevant to control engineering where a variety 
of enabling technologies can be employed. Consistency in 
applying such rules can be problematic as interpretation 
tends to be more subjective. 


LR Rules for programmable electronic systems contain a 
mix of both functional and prescriptive requirements in 
order to reconcile these approaches. A purely prescriptive 
approach cannot adequately address the complex 
integrated systems found on the latest generation of high 
technology ships, nor can a purely functional approach 
offer sufficient guidance. In order to avoid the problems of 
rapid obsolescence, the rules may be required to become 
more functional, allowing the use of existing and future 
standards to provide the underlying technical detail. 


The requirements developed by the regulatory bodies have 
traditionally developed in response to incident and 
observation. There is no such historical basis on which to 
prescribe requirements for rapidly changing and emergent 
technology. This implies that a move towards a risk based 
approach, involving systematic assessment and man- 
agement of risk at an appropriate stage of the life-cycle, may 
ultimately be the most effective way of regulating the use of 
PES. The closest point of reference for considering such an 
approach in the marine industry is the safety case regime, 
adopted in the UK offshore industry after Piper Alpha (Ref. 7). 
This legislation identifies the need for high level safety goals 
and introduces the concept of a duty holder with ultimate 
responsibility for safety. Safety critical systems must be 
identified and appropriate verification and validation 
techniques employed to ensure that the goals have been met. 
Existing standards, codes and rules can be cited where 
deemed appropriate. Such an approach seems well suited to 
PES in that it makes use of existing best practices, yet does not 
lose sight of the overall goal. 
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If the ‘total system’ is to be considered, this must include not 
only the hardware and software but also the user, the task 
and the environment. To this end, LR are task leaders in the 
European ATOMOS II (Advanced Technology for the 
Optimisation of Manpower on Ships - Interface and 
Integration) consortium in the area of developing guidelines 
and associated assessment techniques for the development 
of dependable marine PES. The total system approach has 
provided a focal point for the ongoing research. 


The ATOMOS guidelines and assessment scheme adopt 
many of the ideas outlined in this Paper, including the dual 
importance of process and product, the need to address the 
total system, and the need to manage risk. To briefly 
summarise, twenty principles for PES development have 
been established, based on the distillation of current and 
emerging PES standards and best industrial practice. These 
are listed in Appendix II. The principles for both product 
and process have been expanded into a number of 
underlying criteria, supported by notes on their application 
and references to standards which may further inform, or 
could be cited in an assessment. The assessment scheme is 
highly modular, capable of encompassing existing schemes 
such as Type Approval, Software Conformity Assessment 
and QA system certification into a cohesive risk based 
approach by the use of appropriate verification and 
validation activities. 


Limited trials of the assessment scheme to existing projects 
have been carried out as part of ATOMOS II. Full trials are 
intended to start in 1998 as part of a follow-on project. 
Discussions have also been held with a number of ship- 
owners, yards and manufacturers with a view to assessing 
the impact of such an approach, with a generally positive 
response. 


There are a number of ways in which the ATOMOS research 
could influence LR’s future approach to assessing software 
based systems in the marine environment. The devel- 
opment of an optional notation, reflecting additional 
assessment of complex systems, is under consideration. The 
ATOMOS guidelines and assessment scheme may 
eventually form the basis of an International Standard, for 
which certification services could be provided. There are a 
number of related initiatives, such as process maturity 
assessments, currently being considered with a view to 
complementing the ATOMOS approach. In addition to the 
development and integration of services, LR are actively 
involved in international standardisation work, with the 
aim of improving practices within the marine industry and 
the development of safer systems. 
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9 Conclusions 


This Paper has highlighted some of the current concerns 
associated with software based systems, i.e., 


Lack of appreciation of inherent complexity, 

e Lack of appreciation of risk and safety issues, 

e Lack of adequate system specification, 

e Lack of adequate verification and quality planning, 

e Limitations of traditional validation, activities, 

e Lack of project management and defined responsibilities, 

e Limitations of prescriptive requirements, 

e Proliferation of emerging standards, 

e Lack of appreciation of the limitations of existing 
standards, 

e Lack of appreciation of human factors. 


There is no simple solution to these problems. It is suggested 
that a total system approach to PES life-cycle activities may 
in the long term be the most effective solution and work is 
being undertaken to determine how this may be rationalised 
within the existing Classification framework. In the short 
term, LR are working to improve their services to clients and 
ensuring that Surveyors are appropriately trained and 
equipped to provide these services. 
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Appendix | — Case Studies 


Example 1 - Shell Doors Alarms 


At a Master’s request, an alarm system was modified to 
suppress shell door alarms whilst in port. It was decided to 
link the alarm suppression to the status of the main engines. 
However, the ship was designed with two shaft 
generators/booster motors which could be connected to the 
shaft in booster mode as another method of propulsion. 
This configuration would not require the main engines to 
be running and therefore the shell door alarm could be 
suppressed while the ship was at sea. 


The software manufacturer had received the request and 
modified the system. LR were not informed at any time 
during this modification. The problem came to light when 
the attending Surveyor examined the alarm suppression 
list. Initially the builder could not provide documentary 
evidence relating to the modification. The functional 
requirement was left open to interpretation by the sub- 
contractor, and it was wrongly assumed that the shell door 
alarms would function in booster mode. The source of the 
error was only revealed by analysis of the source code. This 
problem highlighted the need for proper system 
specification, validation and change control. 


Example 2 - A Gearbox Lubricating 
Oil System 


Main engine lubricating oil (L. O.) alarms and shutdown 
functions were suppressed for 16 seconds during the 
starting cycle to allow time for working pressure to be 
reached. The engine manufacturer’s long standing 
specification stated that this time delay was to be included 
for both the engine and gearbox arrangements. This 
requirement was based on an outdated assumption that the 
L. O. system was common to both items of machinery. 
However, in this case the gear box had its own L. O. supply, 
and the 16 second delay should not have been applied to 
this equipment. The programmer was not familiar with the 
system and did not question this requirement. 


During testing of the gearbox alarms and safety systems the 
attending Surveyor requested the source code and 
questioned the delay. The gearbox manufacturer was 
consulted and they advised that the time delay should be 
no more than 1.0 second, noting the consequence of 
running the gearbox white metal bearings without 
lubrication. This problem highlighted the need for proper 
specification and validation, and the dangers of assumption 
when considering the needs of the application. 


Example 3 - Propulsion Control 


The ship was fitted with an automatic speed pilot at the 
owners request. Although not a class item, the speed pilot 
was connected to the propulsion control system. During 
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trials, it was discovered that the speed pilot was 
automatically disconnected by the propulsion system when 
the propulsion control lever reached a certain position, 
without any audible or visual alarm to notify the navigating 
officer that the speed pilot was no longer in control. 


Upon investigation it was discovered that operating 
parameters of the speed pilot were incompatible with the 
selected propulsion system operating mode. This mode 
was provided as a standard function but the software 
module was not documented by the propulsion system 
manufacturer. Each manufacturer had assumed that the 
other was aware of their operating parameters. This 
problem highlighted the need for complete documentation 
to be provided with clear indication concerning the 
description of operation and interface requirements 
between systems. 


Example 4 - Integrated Control and 
Monitoring System 


During construction of a large integrated system, the main 
computers were changed without informing LR or the 
builder. The original computers were LR Type Approved. 
However, faster computers were required to reduce the 
processing time as the system was considered to be in 
danger of being overloaded due to the amount of 
information being transmitted via the network bus. 


As a result of the lack of a detailed system requirement 
specification in the first instance, both hardware and 
software modifications were found to be necessary on 
board. As a result of inadequate verification, embedded 
time delays had not been removed after testing and 
compiling of the source code. This was only discovered 
during the subsequent testing on board. 


Example 5 - Electrical Distribution System 


The supply to a sub-distribution unit was switched from 
the port to the starboard side of a split bus-bar 
arrangement. The breakers should have been interlocked to 
‘break before make’. However, due to a fault in the 
software module their operation was in fact ‘make before 
break’. Both sides of the switchboard were momentarily 
connected together via the sub distribution breaker without 
synchronisation. Both running generators tripped and had 
to be opened up to investigate possible mechanical damage. 
This illustrates how a simple software design fault can have 
major consequences for large items of machinery. 
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Appendix Il - ATOMOS 
Principles 


a) 
Pl 


P7 
P8 


P9 


P10 


Pll 


b) 


P12 


P13 


P14 


P15 


P16 


P17 


P18 


P19 


P20 


Product Principles 

The PES shall be free from unacceptable risk of harm 
to persons or the environment. 

In the event of failure the PES shall remain in or 
revert to the least hazardous condition. 

The PES shall provide functions which meet user 
needs. 

Functions shall be appropriately allocated between 
users and PES. 

The PES shall be tolerant of faults and input errors. 
The PES shall maintain specified levels of accuracy, 
timeliness and resource utilisation when used under 
specified operational and environmental conditions. 
Unauthorised access to the PES shall be prevented. 
The PES shall be acceptable to the user and support 
effective and efficient operation under specified 
conditions. 

The operation of the PES shall be consistent and shall 
correspond to user expectations of the underlying 
process. 

The interaction between the PES and the user shall be 
controllable by the user. 

The PES shall support proper installation and 
maintenance, including repair and modification. 


Process Principles 

All PES life-cycle activities shall be planned and 
structured in a systematic manner. 

The required level of safety shall be realised by 
appropriate activities throughout the life-cycle. 

User centred activities shall be employed throughout 
the life-cycle. 
Verification and 
employed throughout the life-cycle. 

All parties involved in life-cycle activities shall have 
and use a Quality Management System. 

Existing requirements for marine systems shall be 
taken into account throughout the life-cycle. 

Suitable documentation shall be produced to ensure 
all PES life-cycle activities can be performed 
effectively. 


validation activities shall be 


Persons who have responsibilities for any life-cycle 
activities shall be competent to discharge those 
responsibilities. 

The PES configuration shall be identified and 
controlled throughout the life cycle. 
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Synopsis 


Planar defects can pose a significant threat to structures 
under load, as they may initiate cracks which grow 
unstably either in a brittle manner or by ductile tearing, 
leading to sudden failure. Catastrophic failures of this type 
have included bridges, pipe lines, pressure vessels, 
electrical turbo-generators and ships. Slow crack growth by 
mechanisms such as fatigue, stress corrosion or creep may 
also initiate from planar defects which may cause the 
eventual failure of the structure if not detected and repaired 
in time. 


Fracture mechanics procedures provide a means of 
predicting quantitatively the behaviour of planar, crack-like 
defects under load. The severity of the effect of a crack is 
descibed by the stress intensity factor, a geometry 
dependent parameter which increases with defect size and 
the applied stress. 


This paper describes the two extreme ways in which failure 
from a planar defect can occur, either by: 


(a) Unstable crack growth when the strain energy release 
rate driving force for cracking reaches the fracture 
toughness cracking resistance of the material or by 


(b) Plastic collapse when the stress in the remaining 
ligament equals the flow stress of the material. 


Parameters describing how close a cracked structure under 
load is to failure by these two mechanisms are combined on 
a Failure Assessment Diagram to predict whether the 
structure is predicted to fail or to be safe. It is noted that 
a structure will not necessarily fail because it contains a 
crack, hence fracture mechanics is often described as the 
science of ‘living with defects’. 


As fatigue crack growth is the most important stable crack 
growth mechanism in marine applications, the use of 
fracture mechanics in fatigue assessments is described in 
some detail. Such assessments take into account both the 
alternating stress intensity factor fatigue threshold below 
which cracking is not expected to occur and the so-called 
Paris regime where the crack growth per cycle increases as 
a power of the alternating stress intensity factor. 


Experimental methods for the determination of fracture 
toughness, needed in conducting a failure assessment, are 
described. It is shown that where such data are not 
available, the estimation of fracture toughness from 
correlations with Charpy impact energy must be treated 
with caution unless pessimistic lower bound values are used. 


Some of the limitations of current fracture mechanics are 
discussed. In particular, care has to be taken when applying 
the techniques to small defects. However, this is usually not 
a limitation in practice as defects threatening the integrity of a 
structure are relatively large. It is noted that the properties 
used in an assessment must correspond to the material 
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where the defect is located and that there may be additional 
difficulties in using the basic approach when the crack is 
located in a narrow zone, such as a weld, with mechanical 
properties differing from those of the surrounding material. 


The range of applications and benefits of using fracture 
mechanics is illustrated by presenting case studies, drawn 
from recent Lloyd’s Register Materials Department 
experience of cracked structures in both industrial and 
marine service. In each case, the assessments relate to defects 
in welds. It is shown how structures containing defects are 
predicted to operate safely in service. Thus the expense of 
repairing innocuous defects can be avoided. In one case, the 
basic approach is extended to a risk assessment for a ship, 
taking into account the distribution of values of the 
parameters needed in the failure assessment. Fracture 
mechanics is shown to add useful quantification of the 
cracking process to a failure investigation and can provide 
valuable advice on the implications of a failure for similar 
structures still in service. 


1 Introduction 


Planar, crack-like defects can pose a significant threat to 
the integrity of loaded structures. Although ductile 
mechanisms can contribute to failure, of greatest concern is 
the initiation and propagation of unstable brittle fracture 
which can lead to the sudden catastrophic failure of a 
structure at applied stresses well below the yield stress 
of the material. Over the years, failures have included 
bridges, pipe lines, pressure vessels, electrical turbo- 
generators and ships. 


The best known examples of brittle failures in the marine 
industry occurred in the all-welded Liberty Ships built in 
the USA during World War II. Here, cracks initiated at weld 
defects at high stress midships locations in the deck, notably 
hatch corners. In 24 of nearly 5000 ships, the deck fractured 
completely and in 12 of these the ship was either lost or 
broke in two. Similar failures occurred in other vessels in 
early years after World War II 1,2. As a result, measures 
were taken to avoid such failures and fortunately they have 
been infrequent, but by no means unknown, in recent years. 


Figure 1 shows an example from 1979 where a crack 
originated at a defective butt weld in the bilge keel and then 
propagated into the shell plate leading to the vessel 
breaking in two. The LR Marine Division Database records 


a total of only five incidents of brittle fracture in LR classed 
vessels over 90m long during the period 1986 to 1995, 
which corresponds to a rate of about 1 per 10,000 ship 
years. This represents a small fraction of the total number of 
casualties. However, other vessels may have suffered brittle 


fracture but their loss precluded diagnosis of the cause. 


The threat to structures from planar defects is not, however, 
confined to sudden catastrophic failure. Defects can also be 
the sites for the initiation of stable ‘sub-critical’, slow crack 
growth by fatigue, stress corrosion or creep. In the marine 
industry, alternating loads induced by wave action and 
those in rotating machinery mean that fatigue is the 
dominant sub-critical crack growth mechanism of concern. 
As an example, Figure 2 shows the fracture surface of a leg 
brace from an offshore accommodation platform where a 
fatigue crack initiated at a defect in an attachment weld and 
grew over a period of years. This led to a mainly ductile 
fracture of the brace which was followed by the plastic 
collapse of the remaining braces, loss of the leg and capsize 
of the platform. If, as in this case, the growing crack is not 
detected, the structure may eventually fail by brittle 
fracture or a more ductile mechanism when the crack 


reaches a critical size. 


The overall cost of fracture in engineering structures is 
high. Estimates * 4 suggest that this amounts to about 4% of 
the gross economic product both in Europe and the USA. 


It is important, therefore, that appropriate steps are taken to 


Figure 1 
Stern section of MV Kurdistan 
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Figure 2 
Fracture surface of failed brace from accommodation platform Alexander L. Kielland 


minimise the risk of failure. This naturally falls within the 


Lloyd’s Register remit of ‘...enhancing the safety of life and 


property both at sea and on land.’ 

In addition to adopting principles of good design, the 
avoidance of fracture at potentially susceptible locations in 
vessels, built according to Lloyd’s Register Rules, has been 
based, explicitly since 1957, on the selection of grades of 
material with resistance to fracture demonstrated by the 
achievement of minimum energy values in the Charpy 
V-notch impact test |,2 There are similar requirements for 
the fracture resistance of welds. A second safeguard against 
failure in service is that observable planar defects are not 
permitted in welds. Although this approach has generally 
served us well as a quality control check, the Charpy test in 
which the energy to initiate and propagate a crack from a 
V-notch is measured, does not reproduce the manner 
in which a structure fails from a planar, crack-like, defect. 
As a result, it is not possible to predict with any accuracy the 
behaviour of a cracked structure from Charpy impact data. 


In order to predict the behaviour of crack-like defects under 
load, fracture mechanics procedures are needed. Laboratory 
measurements of tensile properties, sub-critical crack growth 
rates and the resistance of the material to fracture from 
cracks can be used in the assessment of planar defects in 
engineering structures, provided that the defect geometry 
and the applied stresses are known. It is important to note 
that the presence of a planar defect does not mean that the 
structure will necessarily fail. Hence, fracture mechanics is 
often referred to as the science of ‘living with defects’. As a 
result, fracture mechanics has the important benefit of being 


able to distinguish between significant and innocuous 
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defects, so that the cost of repairing harmless defects may be 
saved. In particular, it can provide a method by which the 
life of a component or structure may be extended. 


In some industries, such as nuclear power generation, 
fracture mechanics has been used extensively to establish 
safety cases for plant in which the risk of failure has to be 
very low. Of particular importance in this context is the 
demonstration that the largest defect which could be missed 
during non destructive examination would not cause 
failure during the lifetime of the plant. In contrast, the use 
of fracture mechanics has been much less widespread in the 
marine industry. However, over the last few years, fracture 
mechanics has been used in Lloyd’s Register Materials 
Department as a tool for the quantitative treatment of 
defective structures. It has proved to be of benefit in two 
broad categories of investigation: 


(a) The fitness for service assessment of structures 
containing crack-like defects 


(b) Understanding the cracking processes in failed 
structures. 


Therefore, it is considered appropriate to present the results of 
some of these investigations to demonstrate the capabilities 
and benefits of using fracture mechanics. 


As the underlying theory of fracture mechanics was 
comprehensively reviewed in an earlier LRTA paper 5 the 
theoretical background will be described only to the extent 
needed to understand the current ‘state of the art’ methods 
for the assessment of planar defects with respect to 


Courtesy of TWI 


fracture and fatigue. Emphasis will be placed on the 
guidance provided in the well established British Standard 
Published Document PD 6493: 1991 °, and the more recent 
developments provided in a new draft British Standard 
7910 7, currently submitted for public comment, which 
updates PD 6493. 


The opportunity is also taken to briefly describe the testing 
techniques used to determine fracture toughness parameters, 
as a guide to Surveyors involved in witnessing such tests. 


2 Principles of Fracture 
Mechanics 


2.1 Failure modes 


The load bearing capacity of a body is reduced by the 
presence of a crack. As shown in Figure 3a, the stress is 
increased locally at the crack tip as a result of a ‘notch 
effect’. There are two distinct ways in which this can lead to 
premature failure. 


2.1.1 Plastic collapse 

In a very ductile material, increasing the load on the body 
leads first to yield at the crack tip and the stress then rises 
locally to the flow stress (usually assumed to be the average 
of the yield stress and the tensile strength). If the external 
load is increased further, the plastic zone spreads across the 
remaining ligament (Figure 3b). Failure by ‘plastic collapse’ 
follows when the average stress in the ligament reaches the 
material flow stress. 


2.1.2 Fracture 

Where the material is less ductile, the intense damage is 
limited to a highly stressed region ahead of the crack tip 
and failure of the ligament is by propagation of the crack. 
In a purely elastic material, this is an entirely brittle process 
with no plastic flow. However, in metals, the high stresses 
in the crack tip region usually cause yielding to form a local 
plastic zone (Figure 3c). Nevertheless, when this zone is 
small, the mode of propagation is still essentially brittle. In less 
brittle materials, the plastic zone is larger and the fracture 
process becomes one of ductile tearing. This mechanism 
may persist even where the plastic zone extends across the 
whole ligament but, in this case, the failure mode may be by 
plastic collapse, as described above. 


2.2 Failure criteria 


Fracture mechanics quantifies the conditions under which 
the failure modes described above are predicted. 


2.2.1 Plastic collapse 

Under plastic collapse conditions, the effect of the crack is 
simply to reduce the load bearing cross section of the body 
so that the average stress in the ligament is increased above 
the applied stress to reach the flow stress of the material of. 
For a crack of constant depth a in a body of width W in the 
plane of the crack, the critical applied load L. needed to 
cause failure of the cracked body as compared with the 
failure load L, for the uncracked body is simply: 


L/L, = (W-a)/W (1) 


However, this expression has to be modified to consider the 
‘effective cross section’ for more complex geometries. 


It should be noted that this local failure condition may not 
represent the limiting state of the component where 
collapse elsewhere in the section or structure may be of 
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Figure 3a 
Elastic stress o,, ahead of crack with length a 


Figure 3b 
Failure by plastic collapse 


Figure 3c 
Failure by crack growth 


more significance. For example, in a cylindrical pressure 
vessel containing a circumferential defect, the limiting 
condition for plastic collapse may be the hoop stress which 
is twice the longitudinal stress to which the flaw is 
subjected. A similar situation may arise for a flaw in an 
overmatched weld where plastic collapse may be controlled 
by the flow stress of the adjacent parent material. However, 
for a longitudinal defect in a cylindrical pressure vessel 
or for an undermatched weld, local collapse is the 
appropriate failure condition. 
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Furthermore, local collapse may be predicted without 
resulting in structural failure as the load may be shed to 
other parts of the section or structure or the loading may be 
strain controlled, in which case, the stress may fall before 
local collapse has occurred. 


2.2.2 Fracture 

(a) Energy balance 
The criterion for crack propagation from a planar 
defect can be established by considering the energy 
balance as the crack grows. This problem was first 
addressed for brittle elastic materials in the 1920s by 
Griffith *. 


If the length of a crack increases from a to (a + Aa), 
strain energy (dU/da) is released which is the driving 
force for crack growth. However, this increment of 
crack growth will occur spontaneously only if 
sufficient energy is released to supply the energy 
(dS/da) needed to increase the crack length by Aa. 
This energy requirement is a measure of the 
toughness of the material which is defined as its 
resistance to fracture. Thus, for crack propagation: 


(dU/da) 2 (dS/da) (2) 
i.e. Driving force for cracking 2 Resistance to cracking (3) 


The energy release rate (dU/da) can be equated to the 
parameter J which was originally defined in terms 
of a complex line integral ’ and is, therefore, referred 
to as the J-integral. The energy (dS/da) needed to 
increase the crack length by Aa corresponds to a 
critical value of J = J,. Thus for crack propagation: 


eel F (4) 


In his treatment of brittle fracture in a perfectly elastic 
material Griffith ° equated (dS/da) to the energy needed 
to create the increase in free surface area produced by 
the increment of crack growth. However, in the 
fracture of metals, (dS/da) is usually dominated by 
the fracture resistance due to plastic deformation. 


The released strain energy (dU/da) available for 
cracking depends upon the shape of the stress-strain 
curve for the material. It is convenient to separate the 
strain € into elastic and plastic components. 

€ = Eelastic + Eplastic (5) 
These terms can be expressed in terms of the 
Ramberg-Osgood equation fitted to the tensile stress 
strain curve. 


€=60/E+oN/F (6) 


where E = Youngs modulus 
N = Strain hardening exponent 
F = Non linear modulus 


As the strain energy stored depends upon the area 
under the stress strain curve and as the volume of 
strained material depends upon the crack length 


(b) 


squared, the critical condition for crack growth has 
the form: 


dU/da = aaoe=dS/da =). (7) 
where o = Coefficient dependent on (a/W) and N 


Separating the strain in equation (7) into elastic and 
plastic components and applying the Ramberg- 
Osgood equation: 


J. = B? 07 a/E + H oN*! a/F (8) 


where B = Coefficient dependent on (a/W) 
H = Coefficient dependent on (a/W) and N 


This criterion for cracking may be expressed as: 
J.=GrJ (9) 


where G = Elastic strain energy release rate 
J = Plastic strain energy release rate 


Values for the coefficients B and H which depend also 
on the geometry of the defect and the body, may be 
calculated numerically. Those for the elastic coefficient 
B are provided in many reference works such as 
BS PD 6493 ° and BS 7910 ’. However, the calculations 
needed to derive H are more complex and, therefore, 
are much less readily available. 


Linear elastic fracture mechanics 

In general, equation (8) can be solved to determine 
the condition for failure, in terms of either the critical 
applied stress or critical defect size only by numerical 
methods. However, in the case of a brittle material, 
the second term in equation (8) may be small 
compared with the first term and, so that the second 
term can be neglected. Hence: 


J.=G,=1 B* 07 a/E (10) 


This equation is valid when the plastic zone at the 
crack tip is small and the body is behaving to a good 
approximation elastically. This treatment of a cracked 
body is referred to as ‘Linear Elastic Fracture 
Mechanics’ or ‘LEFM’. 


Here, the critical condition for cracking can be related 
to the elastic stress o,, perpendicular to the plane of 
the crack ahead of the crack tip (Figure 3a): 


Oyy = K/ V (2n1r) (11) 


where K = o B V (ra) (12) 
r = distance ahead of crack tip 


Equations (11) and (12) show that K scales the stress 
distribution ahead of the crack tip and is referred to as 
the ‘stress intensity factor’. 


The critical condition for cracking predicted by 
equation (10) corresponds to: 


(c) 


K=K, (13) 
where in plane stress K. = V (E J.) (14a) 
and in plane strain K, = V (E J,)/(1-v?) (14b) 


where v = Poissons ratio 


Therefore, the critical applied stress for plane stress 
fracture is: 


6. = K,/B V (wa) = V (EJ.)/B V (ra) (15a) 
and for plane strain: 
6, = K, V (1-v?)/B ¥ (wa) =V(EJ)/BV (ma) (1b) 


Thus there are two equivalent criteria for cracking, in 
terms of either a critical strain energy release rate J. or 
a critical stress intensity factor K.. Usually, we are 
concerned with mode I cracking in which the crack 
opens in response to tensile stress perpendicular to 
the plane of the crack, rather than cracking by shear 
modes II or III, Figure 4. Thus the critical parameters 
are more correctly expressed as Jjc and Kje. 


Crack tip opening displacement 

Before the J-integral generalised energy balance 
criterion for crack propagation outlined above was 
developed, the only non-linear fracture parameter 
available was the critical crack tip opening 
displacement (CTOD). 


As described earlier, the stress just ahead of the crack 
tip is limited by the flow stress of the material. 
However, as the externally applied load is increased 
further, the local strain increases which has the effect 
of blunting the crack tip (Figure 5). Wells '° proposed 
that the crack would propagate when the crack 
tip strain reached a critical value. As the crack tip 
opening is related to the crack tip strain, it was 
assumed that the critical condition could be interpreted 
as a critical crack tip opening displacement. 


In order to calculate the opening at the crack tip using 
elastic theory, it was assumed that allowance for the 
plastic zone could be made by assuming an effective 
elastic crack extending to the centre of the plastic 
zone. For an elastic-perfectly plastic material where 
the maximum stress in the plastic zone equals the 
yield stress of the material oy, it can be shown that 
under LEFM conditions, the critical crack tip opening 
displacement is related to the fracture toughness K.. 


5.=K2/E 6, (16) 
However, as the applied stress approaches the 
material yield stress, the Dugdale strip yield model "', 
for example, shows that additional terms have to be 
added to this equation. It is then often convenient to 


separate 6. into elastic and plastic components: 


6. - Selastic + Splastic a7) 


LR Technical Association: Paper No. 6. Session 1997-98 


This is basis for the ‘CTOD design curve’ for deter- 6. =J./ oy (18) 

mining critical conditions © where small scale yielding 

invalidates the use of LEFM. As 6, refers to the displacement at the crack tip, 
geometrical analysis is needed to determine its value 

For an elastic-perfectly plastic material, the displacement from crack notch mouth measurements, as described 

across the crack is simply 6, which is then related to in Section 5.1.2. 


the strain energy release rate J: 


Mode I Mode II Mode III 


Figure 4 
Modes of stressing crack 


Blunted crack 
Plastic zone 


a Stretch zone 
width 


Figure 5 
Crack blunted by plastic flow under stress to give Crack Tip Opening Displacement (CTOD) 5 
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3 Sub-critical Crack 
Growth by Fatigue 


3.1. Fatigue life 


When constant amplitude fatigue loading is applied to a 
sample, the load cycle can be characterised by the maximum 
and minimum stresses 6,3, aNd G,,j,- From these, additional 
parameters relating to the load cycle can be derived. 


Stress range AG = Omax - Smin 
Stress amplitude S = Ao/2 
Stress ratio R = Opin/Omax 


The fatigue life, ie. the number of cycles to failure Ng, of 
a structure is generally related to the stress range by a 
relationship of the form: 

N;=CAo™ (19) 
where C is a constant and m typically has a value 3 and is 
widely used as the basis for ‘S-N’ fatigue design curves 
based upon experimental data (Figure 6). However, for 
steels, there is a stress range Ao}, the ‘fatigue limit’ below 
which Ny is essentially infinite. This does not apply to 
welds or to aluminium alloys where there is no Ao, cut-off 
to equation (19). 


The fatigue life shown in an S-N fatigue curve such as 
Figure 6 has two distinct parts, first the initiation of a crack 
followed by its growth to failure. In the presence of 
pre-existing planar defects, the number of cycles for the 
initiation of a sharp crack may be very much reduced and, 
as a result, the fatigue life can fall well short of that 
expected on the basis of the fatigue design curve. However, 
it should be noted that as the fatigue design curves are 
based upon experimental data, those for welds, such as 
those shown in Figure 6, will include tests on specimens 
with ‘typical’ defects. 


3.2 Application of fracture mechanics 


3.2.1 Background 
The treatment of fatigue cracking from planar defects using 
fracture mechanics ignores the initiation stage and considers 
only crack growth. It is found that the rate of fatigue crack 
growth per cycle (da/dN) is controlled by the size of the 
reversed plastic zone formed during the unloading part of 
the cycle which depends on the alternating stress intensity 
factor AK given by: 

AK = B Ao V (a) (20) 
As shown in Figure 7, there are three distinct regimes of 
behaviour depending upon the range of AK. 


(a) At low AK, (da/dN) falls rapidly with decreasing AK 
so that below a critical threshold value AK, there is 
essentially no crack growth. Here, the size of the 
reverse plastic zone is no longer microstructurally 
significant as it is, for example, less than the grain size 
of the material. 
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BS5400 Part 10 fatigue design curves (mean minus two standard deviations) for weld details B, C, D, E, F, Fo, G and W 
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(b) In the medium range of AK, there is a simple 
mathematical relationship between (da/dN) and AK 

: > 

which is referred to as the Paris law ': 


da/dN = C (AK)" (21) 
where C and n are constants 


(c) At high values of AK, (da/dN) accelerates as K,,,, 
approaches the fracture toughness of the material K,., 
LEFM may be invalid and static modes of cracking may 
then make a significant contribution to the cracking. 


It should be noted that there is a lower limit of defect size 
to which this fracture mechanics approach may be applied 
(See Section 3.4.2). 


3.2.2 Threshold for cracking 

The threshold value for fatigue crack growth AK, depends 
upon the stress ratio R for the loading cycle. Lower bound 
values for carbon and carbon-manganese steels are provided 
in PD 6493 and BS 7910 ® 7. 


AK, = 63 N/mm3/? R>05 
AK, = (170 - 63R) N/mm?/?_ 0<R<0.5 
AK, = 170 N/mm?/2 R<0O 


It should be noted that these values are very much less than 
the fracture toughness of a structural steel which is unlikely 
to be below 1200 N/mm*/? and more typically will be over 
3000 N/mm*/?. The effect of this is that only a small 
alternating stress may be needed for fatigue cracking from 
a defect where the static stress is well short of that needed 
to cause unstable fracture. 


3.2.3 Crack growth 

Some Paris law crack growth rates for steels based upon 
experimental data are provided in PD 6493 ° and have been 
extensively revised and extended in BS 7910 7 In the latter, 
statistical fits have been used to produce mean and upper 
bound growth rates in air and in sea water for R > 0.5 and 
R <0.5. As an example, the data and the fitted lines for steel 
in air with R 2 0.5 are shown in Figure 8. It should be noted 
that sea water generally accelerates crack growth rates in 
steel by a process known as corrosion fatigue. In general, 
the fit to the experimental data has been improved, as in 
Figure 8, by fitting more than one Paris type equation over 
different ranges of AK. 


The fracture mechanics treatment of high AK regime fatigue 
is complicated by the advent of static modes of cracking 
such as tearing. In general, the structure will be relatively 
close to failure here and the number of cycles to failure is 
likely to be small compared with that needed to grow the 
crack through the Paris law regime. 


3.3 Fracture mechanics fatigue assessment 
Detailed advice is provided in PD 6493 and BS 7910 ® 7 for 


the assessment of both the threshold for cracking and crack 
growth rates from planar defects. 
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Variation of fatigue crack growth rate (da/dN) with alternating 
stress intensity factor AK 


3.3.1 Threshold for cracking 

Here the procedure is relatively straightforward as the AK 
value calculated for the planar defect has simply to be 
compared with AK,. 


If AK < AK, then da/dN = 0 


but if AK > AK, then da/dN > 0 and crack growth 
calculations are needed 


3.3.2 Crack growth 
The predicted fatigue crack growth can be calculated by 
integrating the Paris law (or laws) (equation 21) in the form: 


a, 
ie =1 | da (22) 
C? a, (AK) 


Incorporating the relationship between AK and a in 
equation (20): 


2) 
N 1 1 ) da (23) 
m/2.C Aon a; pran/2 


In cases where f is either a constant or has a simple 
dependence on the crack length a this equation can be 
integrated analytically but must, in general, be integrated 
numerically. For this, computer software is almost essential. 
LR Materials Department uses the program FATIGUEWISE 
produced by TWI which incorporates the methods 
recommended for fatigue crack growth calculations in PD 6493 °. 


3.3.3 Fatigue life 

Eventually the fatigue crack growth will lead to failure of 
the structure (unless detected and repaired) by brittle 
fracture or one of the more ductile mechanisms. The critical 
defect size for this to occur may be assessed using the 
failure assessment route described in Section 4. Once this 
has been calculated, the lifetime of the structure may be 
determined from fatigue crack growth calculations using 
the method described above. 
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Variation of crack growth rate (da/dN) with alternating stress intensity factor for steels in air subject to fatigue cycles with stress 
ratio >0.5. Upper bounds to data fitted by Paris law lines (after BS7910) 


3.4 Limitations to fracture mechanics 
methods 


3.4.1 Loading spectrum 

The crack growth assessment approach above is presented 
in terms of a repeated stress cycle with the same 6,,,, 
and Opin every cycle. In reality, many structures are subject 
to a spectrum of load cycles. Mathematically, it is 
straightforward to add the crack growth contributions for 
each of these and it is this procedure which is adopted in 
the FATIGUEWISE software. However, in reality, the crack 
advances through successive reverse plastic zones and 
patterns of residual stress both of which will be affected by 
the load history and are likely to influence the crack growth 
rate by affecting the effective value of AK. This has been the 
subject of much research in recent years and some software 
has been developed for specific purposes. 


3.4.2 Short cracks 


The other major limitation on the use of fracture mechanics 
in fatigue as described above (Sections 3.2, 3.3) is the 
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anomalous behaviour of short cracks '’, with lengths and 
plastic zone sizes on the scale of the material microstructure. 
These cracks grow at rates faster than predicted by simple 
fracture mechanics (Figure 9). 


This anomaly is illustrated in Figure 10 where the Ao to 
produce a given AK, is plotted log-log against crack length 
a which is a straight line with a gradient of -0.5. As the crack 
length decreases, Ao corresponding to AK, increases until it 
reaches the smooth specimen fatigue limit Ao). For shorter 
crack lengths, fracture mechanics predicts crack growth 
only at Ao values increasingly above the smooth specimen 
fatigue limit but smooth specimen fatigue data shows 
that fatigue cracks can initiate and grow at stresses down to 
the fatigue limit. The crack length at which this effect 
begins may be estimated as the critical crack length 
predicted for the stress range Ao, corresponding to the 
fatigue limit from equation (20), assuming B = 1: 


a = (1/n) (AK,/Ao,)? (24) 
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log da/dN 


~ . . -3/? 
For a constructional steel, assuming AK, = 160 Nmm™°/2 
and Ao, = 300 N mm, defects with a crack length a < 0.1 mm 
are predicted to show anomalous crack growth behaviour. 


The behaviour of short cracks is an active area of research. 
However, from a practical point of view it should be noted 
that such small defects are difficult to detect by NDE and 
were almost certainly present in weld specimens used to 
determine the conventional fatigue design curves (e.g. 
Figure 6) and are unlikely to result in unexpectedly short 
fatigue lives. Experience of fatigue failures in service 


suggests that the initiating defects are generally of the order 
1 mm or more deep. This suggests that they may be assessed 
with some confidence using the fracture mechanics approach 
described above. 


Short cracks /_—_ Long crack (LEFM) 


Crack length, a (or) log AK 


Figure 9 
Fatigue crack growth rates showing anomalously high rates for 
short cracks at AK < AK,, the long crack threshold 


Gradient = 


10 
0.01 1.0 


Crack length a mm 


0.1 10 100 


Figure 10 

Fracture mechanics prediction of stress range Ac and crack 
length a for fatigue crack threshold AK,. Short cracks grow at 
lower Ao values than predicted, down to fatigue limit Ao, 
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4 Failure Assessment 


4.1 Principles 


In order to assess the effect of a planar defect on the 
integrity of a structure, failure both by crack propagation 
and by plastic collapse have to be considered. This can be 
achieved by treating failure by these two mechanisms 
separately, using the methods outlined in Section 2. 
However, an overall assessment which takes into account 
both modes of failure, can be made using a failure 
assessment diagram (FAD). This approach was originally 
developed by the CEGB as the R6 procedure !* !° and has 
been incorporated, with updates, in PD 6493: 1991 6 and, 
most recently, in BS 7910 up 


The basic principle of a FAD is that parameters describing 
the proximity to failure by LEFM (brittle) fracture (K, or V8,) 
and by plastic collapse (S, or L,) for a planar defect are 
plotted along orthogonal axes and a failure locus is 
interpolated between these two extremes. In this way 
combinations of the fracture and plastic collapse parameters 
corresponding to ‘safe’ and ‘fail’ predictions of the integrity 
of the structure can be established. The parameters are 
defined as follows: 


Fracture 
K, = Applied load/ Load for LEFM failure = K/Kjc 
or V6, = V8/V8, 
ie. K,=1 
or 6, =1 for LEFM failure 
Note: 
(1) Kje may be determined either directly under LEFM 


conditions or from Jjc 


(2) \é for the CTOD parameter arises because K « V8 


under LEFM conditions 


Plastic collapse 
S, = Applied load/Plastic collapse load = 6,.¢/6¢ 


or _L, = Applied load/Plastic yield load = 6,¢¢/oy 


Where 6,,.¢ = Average stress in ligament 


ie. S.=1 
or L.=Dnax=9¢/ Gy for plastic collapse 


L, is now the preferred parameter as 6. 
defined than oy. 


y is more readily 


Within PD 6493 and BS 7910° 7, different Levels of 
assessment can be used depending on the detail of the data 
available. Levels 1 and 2 are recommended for general 
assessments, whereas Level 3 is usually employed only for 
full ductile tearing analyses. 
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0.4 


0.2 | 
Collapse > 
0.0 
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Figure 11 


Level 1 Failure assessment diagram (FAD) (PD6493, BS7910) 


4.2 General failure assessments 


4.2.1 Level 1 FAD 

This is a simplified method (in both PD 6493 and BS 7910) 
which is used mainly for preliminary assessments. The 
failure locus shown in Figure 11 is assumed to be: 


K.=1/¥2=0:707 


S, = 0.8. 
In this case, there is a built in variable safety factor which is 
x2 on crack length under LEFM conditions and 20% on load 
for plastic collapse. 


4.2.2 Level 2 FAD 

This is considered to be the ‘normal’ assessment method. 
The failure locus depends on the tensile stress-strain curve 
for the material. 


Low work hardening material 

For a low work hardening material in which 6; < 1.2 oy, 
the Dugdale strip yield model | has been used to derive the 
failure locus. If the plastic collapse parameter S, is employed, 
as in PD 6493 ®, the locus (Figure 12) is: 


8 In ws 8, mee 
n 2 


However, for the alternative plastic collapse parameter L, 
employed in BS 7910 7, the locus becomes: 


K, =o, Ly i /2 
OF 


Both of these equations have effectively the same cut-off 


K,= | (25) 


8 In sec [ cone Pe (26) 


‘ 
1 2 Gf 


limit along the plastic collapse axis, corresponding to a 
stress in the ligament equal to the flow stress, 6; with S, = 1 
and L, = 1 = 6;/O,. 


“r max 
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Figure 12 
Generalised Level 2 FAD for low work hardening materials 
(PD6493) 


High work hardening material 

For higher work hardening materials with o; > 1.2 oy, a 
generalised FAD (Figure 13) in terms of the L, plastic 
collapse parameter is described by: 


K, = (1 - 0.14 L,?) (0.3 + 0.7 exp [-0.65 L,°)) (27) 


with a cut-off at L, = L, max = O¢/Oy. Typically, L, max = 1.25 
for mild steel and 1.8 for austenitic stainless steels. 


However, where the stress-strain curve for the material is 
known, a more accurate FAD, specific to that material may 
be derived and is described by the equation: 


=) Beit Logs. it? (28) 
Oo 
with a cut-off at L, = L, ma, = 6/6, along the plastic @ 


collapse axis. 


FAIL 


Cut-off at 1.15 (typical of 
low alloy steels and welds) 
/ 


| cut-off at 1.25 (typical 
/ of mild steel and 
/ austenitic welds) 


Cut-off at 1.8 
(typical of austenitic 
parent steels) 

, 


0.4 


Figure 13 
Generalised Level 2 FAD for high work hardening materials 
(PD6493, BS7910) 
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€,ef is the true strain derived from the uniaxial tensile stress- 
strain curve at a true stress L, 6, (where L, = 6,/o,). The 
true stress 6, and true strain &; are related to the engineering 
stress 6 and strain € as follows: 


Oo,=(1+e&)o 
€ = In (1 + €) 


It is particularly important to have accurate data for 6 and € 
close to the yield stress oy. 


4.2.3 Failure assessment 

For each of the FADs described above, the zone inside the 
failure locus is ‘safe’ and outside the locus a ‘fail’ condition 
is predicted. For the level 2 FAD where a ‘fail’ point lies close 
to K, = 1, brittle fracture is predicted and if it is close to S, = 1 
or L, = Ly max Plastic collapse is predicted. An intermediate 
region between these extremes is expected to correspond to 
a ductile tearing mode of failure (Figure 12). A complication 
in this region is that tearing is accompanied by an increase 
in the J, toughness parameter. A conservative approach, 
often used, is to consider only the initiation toughness Jc 
and not to take any benefit from the increase in toughness as 
tearing proceeds. Where this is needed, a Level 3 assessment 
is required. This is described later in Section 4.3. 


The procedure for assessing a defect using Levels 1 or 2, is 
first to calculate the corresponding K, and S, or L, values. 
The material properties used should correspond to those 
for the region where the defect is located, and is of particular 
importance if the defect is in a weldment where the 
properties can differ significantly from those of the parent. 
The assessment point is then plotted on the appropriate 
FAD to establish whether (S,, K,) or (L,, K,) lies inside or 
outside the failure locus. The safety margin with respect to 
the applied stress is simply OB/OA, the ratio of the distance 
OB from the origin of the FAD through the assessment 
point to the failure locus to the distance OA from the origin 
to the assessment point (Figure 12). 


It is important that all the stresses acting on the defect are 
taken into account when conducting an assessment. These 
include not only the ‘primary’ stresses due to external 
loading but also ‘secondary’ thermal and residual stresses. 
The latter are particularly important when considering 
defects in welds. If the weld has not been stress relieved, 
there may be residual stresses up to the yield stress of the 
weaker of the weld metal and the parent. Even after stress 
relief by heat treatment or by plastic deformation during a 
proof test, for example, significant levels of residual stress 
may remain. If actual residual stresses have not been 
measured, PD 6493 and BS 7910 ®7 give advice on the levels 
of residual stress that may safely be assumed. 


In a failure assessment, the residual stresses contribute to 
the value of K, (a number of brittle failures have occurred, 
for example in some Liberty ships, in which the externally 
applied primary stress was very low and the failures were 
attributed mainly to the effect of the residual welding 
stresses). However, the interaction between the primary 
and secondary stresses may result in plasticity effects which 
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mean that the two stresses cannot be simply added 
together. The method of determining the effect on the 
elastically calculated K, is given in PD 6493 and BS 7910 ©”. 
In contrast to the effect of secondary stresses on K,, they 
usually have no effect on plastic collapse through S, or L,, 
as secondary stresses are typically self-balancing through 
the ligament. 


Although failure assessment calculations can be made 
manually, their relative complexity means that all but the 
simplest assessments are best carried out using one of 
the many software packages available. These are particularly 
useful when critical conditions, where the assessment 
points lie on the failure locus, and sensitivities to variations 
in the input data are under investigation. LR Materials 
Department uses the CRACKWISE for Windows software 
developed by TWI as the software version of PD 6493. An 
updated version covering BS 7910 is expected to follow 
publication of this new British Standard. 


4.3 Ductile tearing assessment 


4.3.1 Level 3 FADs 
It was noted above that there is potentially an added degree 
of complexity when ductile tearing occurs: 


(a) J for the defect depends not only on the geometry and 
the loading but also on the stress-strain characteristics 
of the material. 


(b) The crack resistance of the material J, increases with 
crack growth Aa (Figure 26), so the toughness is 
described by a resistance curve Jp rather than a single 
value. However, this difficulty can be avoided if an 
initiation value J; is assumed, corresponding to say 
0.2 mm of crack growth or the first ‘significant’ pop-in, 
and the benefit of increasing toughness with further 
crack growth is ignored. 


A Level 3 assessment is usually only carried out when a full 
tearing instability analysis is required. Three different FADs 
can be used for a Level 3 assessment. 


Option 1 — The generalised FADs in Level 2 , described by 
equations (26) and (27) can be used. 


Option 2— The material specific FAD based upon the true 
stress — true strain curve defined by equation 28 
used in Level 2 may also be employed. 


Option 3 — Here a curve, defined using a J-integral analysis, 
is specific both to the material and to the geometry. 
Elastic (J,) and elastic-plastic (J) analyses have to 
be carried out for the flawed structure under the 
range of loads ie range of L,, of interest. J may be 
evaluated by analytical or numerical methods or 
derived from experimental data. The failure locus 
is defined as: 


K, = Cx? (29) 


with a cut-off at L, = L, max 


4.3.2 Failure assessment 

A ductile tearing analysis is carried out to establish whether 
or not there is a ductile instability condition, by determining 
(L,, K,) for increasing Aa at the load and initial crack size of 
interest a,,. Both L, and K, change with Aa as: 


L, = Gret (Ag + Aa)/oy (30) 
K, = K (a, + Aa)/K, (Aa) (31) 


As Aa increases, the increase in K, is usually much greater 
than the increases in K and o,,,. Thus the result is that the 
(L,, K,) assessment point tends to move downwards on 
the FAD (Figure 14). Several situations can arise: 


(a) If the whole of the trace lies within the assessment 
locus, the crack will not initiate. 


(b) If the trace starts inside the locus but moves outside 
with increasing Aa, this is also safe as the crack cannot 
initiate. 


(c) A trace starting outside the locus but finishing inside 
corresponds to a crack that initiates and grows but 
then arrests. 


(d) The limiting case of crack arrest is where the trace is 
tangential to the failure locus. 


(e) A crack for which the trace lies entirely outside the 
failure locus is unstable and failure is predicted. 


Safe, crack 
arrests 


0.0 0.4 0.8 L ye 1.6 2.0 


Figure 14 
Ductile tearing assessments (a) to (e) for high work hardening 
material using generalised Level 3 Option 1 FAD with L,,,.,, = 1.8 
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5 Methods for the 
determination of 
fracture toughness 


5.1. Direct measurement 


The most accurate method of determining fracture 
toughness is by direct measurement on the material under 
investigation. This is particularly important on welded 
fabrications where one can never be sure of replicating the 
welding parameters used during construction. Alternatively, 
where the amount of material is limited, methods are 
described in Section 5.2 which allow for estimations of 
fracture toughness to be made from energy values resulting 
from simple Charpy V-notch test pieces. However because 
of scatter, such correlations tend to be lower bound 
and extremely conservative. A third option is to simulate 
the material and/or weld conditions using material and 
procedures as close as possible to those used in the original 
construction. However, this again may never truly replicate 
the microstructural conditions and, therefore, the toughness 
of the original fabrication. 


Fabrications cause particular difficulties when determining 
fracture toughness because of the microstructural changes 
that occur across a welded joint. Indeed, at least three 
distinct regions of toughness exist, parent material, weld 
metal and heat affected zone. The latter can be sub-divided 
further dependent on the temperature reached during 
welding and still further by the re-heating effect of 
subsequent weld beads in, for example, multi-pass welds, 
Figure 15. It is obvious from this diagram that measuring 
the toughness of, for example, the grain coarsened heat 
affected zone (GCHAZ), can be difficult. 


The methods used to determine the crack opening Mode | 
plane strain fracture toughness Kjc, the critical crack tip 
opening displacement (CTOD) fracture toughness and the 
critical J fracture toughness of both parent materials and 
weldments are described in detail in the national standards 
to which the tests are being conducted. This section 
highlights the main points involved with these standard 
fracture toughness tests. 


For small scale yielding often corresponding to brittle 
fracture, the three fracture parameters are related through 
the following expression: 


Jc = Kc? (1-v?)/E = Mox & (32) 
where; 

Jc = critical value of J 

Kjc= plane strain fracture toughness 

bc = critical value of CTOD 

v= Poissons ratio 

E = Youngs Modulus 

0x = yield strength or flow stress 

M = constraint factor 


il 


A recent draft standard '° gives the value of M as 1.4 when 
the flow stress is used for o,. 
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EFFECT OF MULTI -— PASS 


SRGCHAZ — subcritically 
reheated GCHAZ 


IRGCHAZ - intercritically 
reheated GCHAZ 


EFFECT OF 
SINGLE PASS 


Columnar weld 
metal 


Fusion line 


NOTE : The abbreviations are as follows : 


SCHAZ = subcritical heat affected zone 
ICHAZ = intercritical heat affected zone 
FGHAZ = fine grain heat affected zone 
GCHAZ = grain coarsened heat affected zone 


aw 


The HAZ regions in a single-bevel multipass weld 


The major national standards are listed below. e ASTM E813-89 — Standard test method for Jj¢ a measure 


of fracture toughness 
¢ BS 7448: Part 1: 1991 — Method for determination of Kjc, 


critical CTOD and critical J values of metallic materials e ASTM E1290-93 -— Test method for Crack-Tip 
Opening Displacement (CTOD) Fracture Toughness 

e BS 7448: Part 2: 1997 — Method for determination of Kjc, Measurement 

critical CTOD and critical J values of welds in metallic 

materials The philosophy of the testing methods applied by the 
standards listed above are similar and the results obtained 
e ASTM E399-90 — Standard test method for plane strain are compatible for input into a recognised quantitative 
fracture toughness in metallic materials failure assessment method. The usefulness of the British 
@ Standards Tests is the ability of obtaining all three values Kjc, 
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i as 
60° nominal 


H+0.5% | H+0.5% | 


B is the thickness 

W is the effective width 

W = 2B 

Total width, C = 1.25W min. 
Half height, H = 0.6W 


Figure 16 


See figure 27 


Section through 
notch 


Section through notch 


Hole diameter, d = 0.25W 

Half distance between holes, h = 0.275W 
Crack length, a = 0.45W to 0.55W 
Surface finish is in micrometers 


Proportional dimensions and tolerances for a straight notch compact specimen 


Jc and CTOD from a single test specimen provided certain 
boundary conditions are complied with. Recommended 
procedures for a combined fracture toughness test method 
have also been developed by the European Structural 
Integrity Society (ESIS) |. 


The standards allow for the use of two specimen geometries, 
compact tension (CT) and single edge notch bend (SENB), 
Figures 16 and 17. The bend specimen involves less 
machining and less complicated fixtures for fatigue pre- 
cracking and testing than a compact specimen. However, 
the compact specimen requires less material which may be 
an important factor when carrying out an investigation. 


B+0.5% 
0.8 
pSEeee t 
Section 
through 


2.3W 2.3W 


B is the thickness 

Width, W = 2B 

Crack length, a = 0.45W to 0,55W 
Surface finish in in micrometers 


Figure 17 


Proportional dimensions and tolerances for a rectangular 
section bend specimen 
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This is rarely a disadvantage when testing welded joints, 
since the smaller width of the bend specimen generally 
requires the use of less weld material, especially when 
square section bend specimens are used, most standards 
allow the use of the square section bend in lieu of the 
rectangular section bend. 


The specific dimensions are given in detail for each test 
standard but the tolerances on specimen dimensions are 
more relaxed for test samples taken from weldments than 
when testing plain metallic materials due to problems of 
straightness and misalignment. It is generally agreed that 
specimen thickness (B) should be equal to the thickness of 
the material assessed, to maximise both triaxial constraint 
and the volume of the target microstructure sampled by the 
crack tip. This is especially important when the fracture 
toughness is measured in terms of J or CTOD, which may 
be geometry dependent. 


Specimens less than the full thickness can be used, provided 
that the dimensions are recorded, in the following 
circumstances; when the material, specimen design and 
temperature have been shown to be independent of 
thickness, or when established toughness correlation exists 
between specimen thickness and thickness of the 
component, or where no thickness is given in the product 
specification. In this case the thickness should be as large as 
practicable. The specimen thickness (B) is most important for 
the validation of Kjc where the following equation applies; 
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B > 2.5 [Kj-/o,}7 (33) 
where 6, = yield strength of the material. 


Specimen orientation is also an essential consideration. 
In the case of wrought materials the plane of the fatigue 
pre-crack must lie in the correct rolling direction (Figure 18). 
For weldments the fatigue pre-crack must be specified not 
only in terms of the weld direction (Figure 19), but also in 
terms of the microstructure to be sampled, weld metal 
or heat affected zone (Figure 15). Indeed, assessment of the 
heat affected zone microstructure sampled by the crack 
tip is only carried out after the test is completed, this is 
discussed in Section 5.1.6. 


Fracture toughness test specimens are designed so that 
notch size, position and orientation, and overall specimen 
geometry are most likely to give a lower bound value of 
fracture toughness. This is done not only by maximising the 
thickness but also by having specimens that are deeply 
cracked. This is achieved by a combination of notching and 
fatigue pre-cracking to achieve a value of a/W in the range 
0.45 to 0.55, where a is the combined notch and crack 
length, and W is the specimen width. 


The particular conditions for pre-cracking are stated in the 
relevant standards which specify the maximum force, 
the allowable force ratio R, usually is in the range 0 to 0.1, 
and the maximum stress intensity factor Ky. 


The amplitude of the pre-crack load is reduced as the 
pre-crack extends towards its final length. 


The pre-cracking should be completed in the final heat treated 
or mechanically worked condition. Generally pre-cracking 
should be completed at ambient temperature. However, the 
specific standards will state if other temperature regimes 
are allowed. 


Z 

x 
= an 
y 


Grain flow 


Figure 18 
Basic fracture plane identification: rectangular section 


N = Normal to weld direction 
P = Parallel to weld direction 
Q = Weld thickness direction 


First letter : the direction normal to the crack plane 
Second letter : the direction of crack propagation 


Figure 19 


Crack plane orientation code for welded fracture toughness specimens 
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Straightness restrictions are placed on the shape of the 
fatigue pre-crack front, the dimensions of which can only 
be measured after fracture toughness testing is complete. 
This is a particular problem in tests on weld metal which 
have not been stress relieved. It is considered likely that the 
welding residual stresses contribute to uneven fatigue crack 
extension. In such circumstances it has been found 
necessary to allow a procedure that locally compresses the 
ligament below the machined notch. This has the effect of 
reducing the welding residual stresses to low and uniform 
levels resulting in an acceptably straight crack front during 
fatigue pre-cracking. Furthermore, any residual stress 
that could have been present without local compression 
would have an effect on the resulting fracture toughness 
values determined from the test specimen. The reduction 
in residual stress by local compression ensures that any 
residual stress remaining will have a minimal effect on the 
fracture toughness value obtained. 


Other methods used to produce a straight crack front such 
as the Reverse Bending technique or the Stepwise high 
R-ratio technique are allowed and prove successful in 
terms of producing an acceptably significant straight 
fatigue pre-crack front. Evidence suggests '* that these 
methods do not significantly reduce the level of residual 
stress which can have an effect on the test result. 
Nevertheless, the latter method is considered useful when 
testing thick section high strength steels where the forces 


P 


So ae 


G B dia 
— Pe 


<1%B 


i 


(or 0.5% B 
W-a on each side) 


P=1.4 B?Roo 2 P = 0.8 B*Ryo 2 


C = 8% to 12% of (W-a) 


A-A B-B 


Figure 20 
Alternative local compression treatments 
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necessary for the local compression technique are not 
readily attainable. Examples of the local compression 
treatments are shown in Figure 20. 


If, after the test is completed and the fatigue pre-crack front 
is found to be outside the tolerance of the relevant 
standards, the material should be re-tested, or if this is not 
possible, for example because of lack of material, the results 
should be reported with the deviation from the standard 
dimensions carefully noted. 


Another problem that may occur during fatigue pre-crack 
growth is bowing. Here the crack may deviate from a 
straight line drawn through the width of the specimen from 
the root of the notch. Again, this is more likely to occur in 
weld metal test samples than plain materials and therefore 
when possible, the shortest fatigue crack length permitted 
by the standard should be used. This minimises fatigue 
crack front bowing and problems of the crack deviating 
from the specified target microstructure. 


Once the fatigue pre-cracking is complete, the specimens can 
be tested to measure the fracture toughness. This normally 
involves loading the specimen into a test rig installed on a 
calibrated universal testing machine. The machine and 
sample are instrument to measure the applied force (F) 
against notch mouth opening (V) or F versus load-line 
displacement (q) or sometimes both (Figure 21). V is 


B/2 


2 © 
ro) ro) 
vi Vi 
P=0.3 BR, 
C-C 


LR Technical Association: Paper No. 6. Session 1997-98 


measured by a calibrated clip gauge placed across the 
mouth of the notch. The specimen is then loaded at the rate 
allowed by the standard and at the temperature of interest. 
The temperature that the fracture toughness test should be 
carried out at is usually that corresponding to the minimum 


design temperature of the structure or component. The 
specimens are cooled in a suitable liquid medium which 
is controlled to maintain a specimen temperature to an 


(b) 


Figure 21 

Dimensions, forces and displacements for tests on 
(a) 3-point SENB and 

(b) compact test specimens 


Force 


accuracy of + 2°C. This temperature should be measured 
by calibrated thermocouple, usually attached, in a region 
of the specimen within 2 mm of the crack tip, or within 
the machined notch near the centre of the specimen. 
The temperature should be maintained for the minimum 
soak period specified in the standard. 


5.1.1 Plane Strain Fracture Toughness (Kjc) 

To calculate a valid Kjc, it is first necessary to calculate a 
provisional value of Kjc, known as Kg. To calculate Ko an 
offset line is drawn at a gradient at a set percentage below 
the gradient of the initial elastic part of the force-extension 
(notch mouth opening) curve. This is usually in the order of 
5%, Figure 22. From this diagram a force Fo is determined 
by the intersection of the constructed line and the force/ 
extension plot. This intersection may be called Fo if there is 
no maximum force prior to this point, as is the case in curve 
Ill (Figure 22). Where a maximum force precedes this 
intersection on the force/extension plot then this maximum 
is called Fo as in curves I and II. Once Fo has been 
determined Ko can be calculated using the following 
equation for SENB specimens: 


Kg = FoS/BW!* x g (a/W) (34) 
where S = specimen test span 

B = specimen thickness 

g (a/W) =a polynomial function of a/W 


Once Ko has been calculated a number of validity checks 
are required by the standards, once these have been met Kg 
can be called Kjc. 


The units of Kjc are normally reported as MN/m°/? or 
MPa m!/*. However, the value can also be reported as 
N/mm*/? but in this instance the value would have to be 
divided by 31.6 to equal that reported in MN/m?/? 


fo 
MPa m!/?. 


or 


Note : The slopes 
are exagerated 
for clarity 


Notch opening displacement (V) or load — line displacement (q) 


Figure 22 
Definition of F, for the determination of Kg 
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Fracture hen 

Fracture | Fa or 

Qor — 
Fa or | Poa. Cc 
Fo | | 
— 
Force 
F | Ve or 
V, or V,. or Ac 
Oc 


Fracture Pop - in 


in 
Fy e 
Vu or V,, or 
Qu dh Ven OF 
Gm 
(4) (5) (6) 


Notch opening displacement (V) or load — line displacement (q) 


NOTE 17 : Fa is the maximum force used in the determination of a provisional Kj, value. 
NOTE 2: Fe, Fy and Fry correspond to either 6,, 6, and 6,,, respectively, or J., J, amd J,,, respectively. 
NOTE 83 : Pop — in behaviour is a function of the testing machine/specimen compliance and the recorder response rate 


Figure 23 


Characteristic types of force versus displacement records in fracture tests 


5.1.2 Crack Tip Opening Displacement 

The object of the test is to determine the value of crack tip 
opening displacement, CTOD at one or more of several crack 
extension events. The notch mouth opening displacement 
measured by the clip gauge is plotted against the load, 
Figure 23. The values of CTOD may correspond to; the 
onset of unstable brittle crack extension with little or no 
prior crack extension, 6,, i.e. Aa <0.2 mm, the onset of 
unstable brittle crack extension following prior stable crack 
extension, 6,, ie. Aa>0.2 mm, or the attainment of a 
maximum load plateau for fully plastic behaviour, 6,,. 


The equation for the calculation of CTOD is determined 
by the geometry of the test specimen and is given by: 


5 = [K? (1 - v*)/26ycE] + [0.4 (W - a)Vp]/ 
[0.4 W + 0.6a + Z] (35) 


Where K corresponds to plain strain fracture toughness and 
Z is the knife edge thickness, Figure 21. Vp is the plastic 
component of notch tip opening displacement and is 
calculated by construction on the plot of notch mouth 
opening displacement versus Force, Figure 24. 


The units of CTOD are usually reported in mm. 


5.1.3 Determination of J 

For the J test the load versus load-line displacement record is 
required. The load value taken for the J determination 
is defined in a similar way to the CTOD test and the J value is 
m to Boy 
Figure 23. To determine the plastic component of the 
work done, Up the area under the load versus load-line 
displacement is required, Figure 25. The value of J can be 


determined as J.. corresponding to F., J, to F,, and J 


determined from the following equation: 
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J = [K? (1 - v?)/E] + 2 U,/B (W - a) (36) 


Some test standards give test procedures to determine valid 
Jic values, e.g. ASTM E813. In this method, the J value 
is plotted against physical crack extension. This diagram is 
often called a J-resistance curve. The behaviour between 
certain limits is approximated with a best fit relationship. 
The J versus crack extension best fit relationship is plotted 
and a line known as a blunting line is drawn on the 


FoFy or Fin 


Parallel to OA 


* 


Force 


Vc, Vu or Vm 
corresponding to 


me bo al ne 


Figure 24 
Definition of Vp for the determination of CTOD 
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construction of J versus crack extension. This line 
approximates the crack tip stretching. An offset line is then 
drawn at 0.2 mm from the blunting line and the intersection 
of this line with the best fit relationship defines Jjc, the 
validity of Jjc is determined by exclusion lines determined 
from the standard. A schematic construction of a J versus 
crack extension plot to determine a valid Jjc is given in 
Figure 26. 


The units of J. or Jj¢ are usually reported in KJ/m2. 
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Figure 25 
Definition of Vp for the determination of J 


5.1.4 Pop-in 

In certain circumstances, especially when testing weldments, 
the load-displacement test record may show small 
discontinuities known as pop-ins; Figure 23, curves 3 and 5. 
The pop-in is characterised by a sudden increase in clip 
gauge displacement, and generally a decrease in force, the 
record then shows a recovery as both the force and 
displacement again increase smoothly to above their 
respective values at the original pop-in event. Often, pop-in 
can be attributed to an increment of brittle cracking 
followed by arrest, on the other hand apparent pop-ins have 
been reported 19 as being caused by splits, delaminations, 
linking up of weld defects or multiplanar fatigue cracks, 
breaking of ice particles around rollers during sub-zero 
temperature tests, or electrical interference. Apparent pop-ins 
are not considered significant with respect to characterising 
the fracture toughness of the material. The standards make 
an allowance for pop-ins by permitting a certain increase in 
notch opening compliance of less than 5%. In the ASTM 
standard, there is an additional criterion that the maximum 
increase in crack length should be less than 4% of the 
original uncracked ligament. However, it is strongly 
advised that pop-ins found in tests in weldments are 
examined and assessed by post test metallurgical 
examination, to decide their actual significance. 
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5.1.5 Post test crack measurement 

Once the test has been completed, the fracture surface of the 
specimen is examined, and the original crack length 
measured in order that the value a/W can be determined. 


The test procedure is often completed without the specimen 
fracturing in two. In these instances it is necessary to break 
the specimen open to expose the fatigue pre-crack and 
crack extension that has occurred during the test. To aid the 
identification of these a process known as heat tinting may 
be applied. This involves heating the specimen uniformly 
to a temperature where the specimen discolours due to 
oxidation, these temper colours usually occur around 
300 - 400°C. The specimen is then broken in two, usually 
with ferritic steels by cooling the specimen, for example in 
liquid nitrogen, to avoid any additional deformation of 
the specimen. 


The original fatigue pre-crack length (a,) including any 
stable crack extension (Aa) are measured using nine equally 
spaced measurements and averaged in accordance with the 
standard, Figure 27. To be considered valid the total crack 
measurement (a) should meet the following requirements: 


. a,/W shall be in the range 0.45 to 0.55, and 


° the difference between any two crack measurements 
shall not exceed 10% a,, and 

. no part of the fatigue pre-crack front shall be closer 
than 1.3 mm or 2.5%W, whichever is the larger, and 

. the fatigue pre-crack shall be within the appropriate 


envelope for the corresponding a,/W value (Figure 
27), and 

° the plane of the fatigue pre-crack shall be within 10° 
of the plane of crack extension. 


5.1.6 Post test metallography 

Post test sectioning is not only required as a method of 
assessing pop-in but may also be required to confirm that 
the crack tip has sampled the correct microstructure. This is 
particularly important in the case of heat affected zones in 
welds 7° 7!. Such product standards specify that the crack 
front should sample at least 15% grain coarsened heat 
affected zone for a valid test. This requirement is based 
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Figure 26 
Data qualification in the determination of Jjc (Ja) 
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on the principle that such a percentage significantly 
increases the chances that low toughness microstructure, 
also known as local brittle zones (LBZ) is sampled and that 
the lower bound toughness is relatively independent of 
further increases in the amount sampled, Figure 28 7”. 


Another standard * requires that the distance from the plane 
of the crack tip to the microstructure of interest is measured 
and should not exceed 0.5 mm, beyond this it is considered 
unlikely that the microstructure has been adequately 
sampled and that the lower bound toughness may not have 
been measured. 


Machined notch 


1%B 


Fatigue 
1%B pre - crack 


5.1.7 Summary 

The determination of fracture toughness by direct 
measurement is now well standardised. Figures 29 and 30 
summarise the procedure in flow chart format. 


5.2 Indirect measurement 


The measurement of fracture toughness to be used in a 
recognised quantitative fracture assessment technique 
should wherever possible be determined by direct 
measurement. However, in certain circumstances, for 
example where insufficient material exists, or where the 
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Figure 27 
Crack measurement and validity requirements 
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Figure 28 

Relationship between CTOD (at -10°C) and %GCHAZ (grain size 
< 50mm) sampled by crack front in through thickness notched 
as welded specimens 


component may still be in service, then estimates of fracture 
toughness can be made from other known test methods 
such as Charpy V-notch tests. Such test results can be 
measured directly on the component or data taken from the 
sources available during manufacture such as material 
certificates and in the case of weldments, the qualified 
welding procedure used. The value obtained can then be 
converted to a value of fracture toughness using an 
appropriate fracture toughness — Charpy V-notch correlation. 


Many correlations between fracture toughness and Charpy 
V-notch impact energy have been published and adequately 
reported elsewhere *4. They should however, be treated 
with extreme caution as they tend to be material specific 
and often relate to certain fracture conditions such as upper 
shelf, lower shelf or transitional behaviour. 


Furthermore, the concept of one universally applicable 
correlation is now felt to be unreasonable 2°, and correlations 
specific to a material class, heat treatment and microstructure 
are more appropriate. 


Throughout the work on correlating Charpy V-notch test 
results with larger scale fracture toughness tests there is 
considerable scatter. The most likely reason for the scatter 
of results is the fact that the Charpy V-notch energy values 
are a combination of both the energy required to cause 
initiation from the root of a blunt notch, and the energy 
required to maintain propagation, whereas in large scale 
tests the required initiation energy will be lower because a 
sharp fatigue crack already exists. This scatter is greater if 
results for steel grades manufactured over a wide time scale 
(10+ years) are considered 7°. Today’s steels are cleaner 
containing fewer non-metallic inclusions. In the absence of 
a sharp fatigue crack, the initiation of the crack from the 
blunt radius of the Charpy V-notch has traditionally been 
aided by fracture of non-metallic inclusions in the 
microstructure ahead of the notch. Therefore as steels 
become cleaner, fewer inclusions exist to help initiate the 
crack and a higher energy is required. This is confirmed in a 
recent study *’. Indeed, today many steels are found with 
acceptable energy values in terms of the Rules but 
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unacceptable crystallinity values in terms of that considered 
acceptable at the time when Charpy V-notch tests were first 
introduced into the Rules **. The crystallinity provides a 
better indication of the energy required to propagate the 
crack after initiation. Therefore users should ensure that 
the material type and conditions are appropriate and it is 
not surprising that the recognised quantitative fracture 
assessment techniques err on the side of caution and use 
lower-bound correlations that are extremely conservative. 


The new draft British Standard 79107 includes such 
correlations, for example the Kjc temperature relationship 
shown in Figure 31 was based on the lower bound of test 
data for a carbon-manganese structural steel, including data 
from crack arrest and dynamic initiation tests. This 
relationship has also been found to be lower bound for 
other steels and weldments, but a small number of tests 
have shown that the relationship does not always provide a 
lower bound for some thick section materials. Where it is 
necessary to estimate the fracture toughness from upper shelf 
Charpy V-notch energy values, Figure 32 has been derived. 
This correlation has been shown to be non-conservative for 
Charpy values of less than 40 J and Figure 31 should always 
be used in such cases. 
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Figure 29 
Flow chart for choice of fracture toughness parameter, 
specimen design and displacement measurement 
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Flow chart for determination of fracture toughness parameter 
for a weldment 


5.3 Dynamic Fracture Toughness 


The fracture toughness tests described in this report so far 
involve relatively slow strain rates and are often known as 
‘static’ tests. Although such static tests are applicable to 
most structures, where high strain rate dynamic loads exist, 
these tests may produce non-conservative results and lead 
to a false sense of security in the structure being assessed. 
The Admiralty have recognised this and through their 
research arm have developed a test that replicates strain 
rates seen in service. Although this is a non-standard test 
both in terms of strain rate and specimen dimensions, the 
results obtained are considered representative and 
applicable to strain rates experienced in naval warships. 
Their results 7°’, include a reference value of fracture 
toughness of 125 MN/m°/? which is considered to be a safe 
target toughness for fracture avoidance, Figure 33. Note, LR 
would consider a stress intensity rate of 100 MN/m*/* s as 
the maximum that should be considered for commercial 
shipping under normal operating conditions. The value of 
125 MN/m?/? is based on simple a calculation to determine 
the fracture toughness required to prevent the propagation 
of a long through thickness fatigue crack (1 metre) under an 
applied stress of 100 N/mm/?. It is also assumed that the 
residual stresses have balanced out on this scale and need 
not be considered 7°. 
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Procedure for obtaining lower bound K,, fracture toughness from Charpy impact energy 
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Figure 32 
Lower bound K,, from Charpy energy at operating temperature 
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Figure 33 
Fracture toughness data for ship steel at 0°C with typical loading rates for comparison 
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6 Applications 


6.1 Fitness for purpose of defective 
structures 


6.1.1 Propane storage tanks 

After fabrication, two of the circumferential welds (X and 
Y) in a spherical propane storage tank (Figure 34) were 
found to be defective. As a result, repairs had to be carried 
out. It was then necessary to show that defects that might 
not be detected by NDE of the weld after repair would not 
pose a threat to the integrity of the container. LR was 
requested to perform a fracture mechanics assessment to 
demonstrate this. 


ID = 18.2 mdia 


Figure 34 
Propane storage sphere showing circumferential welds X and 
Y for repair 


It was considered by the fabricator that the maximum size 
of surface breaking defect that could escape detection was 
one with a surface length 2c = 10 mm and depth a = 5 mm in 
a shell with a minimum thickness of 54.8 mm. The following 
information was also supplied. 


Mechanical properties of weld metal: 
Yield stress: 649 N/mm? 
Tensile strength: 684 N/mm? 
Charpy energy: 46 J at -50°C 

133 J at +2°C 
Service temperature: +2°C 


*derived from the Barsom and Rolfe correlation, 
Kic = 213 x C9 N/mm3/? 


Stresses: 
Applied stress 184 N/mm? 


Residual stress, 81.6 N/mm2, assumed to be 15% of parent 
plate yield stress as welds to be stress relieved, following 
the advice given by PD 6493, based upon experimental 
measurements. 


As the fracture toughness values are subject to uncertainty 
because of their derivation from Charpy data, the failure 
assessment was carried out using a PD 6493 Level 1 analysis 
(Section 4.2.1, Figure 11), as this has built in safety factors. 


The results of the assessment for a surface breaking defect 
with length 2c = 10 mm and depth a = 5 mm are presented 
in Figure 35. The assessment points both for the service 
temperature of +2°C, A (S, = 0.33, K, = 0.09), and for the 
materials acceptance test temperature of -50°C, A’ (S, = 0.33, 
K, = 0.20), lie well within the failure locus implying that the 
structure would be safe in the presence of such a defect. 


However, a more pessimistic approach is to derive fracture 
toughness values from the Charpy data using the lower 
bound correlations provided by BS 7910 (Figures 31, 32) 
which predict fracture toughness values of 4000 N/mm*/? 
and 1450 N/mm*/?, at +2°C and -50°C, respectively. The 
revised assessment points for a defect with 2c = 10 mm, 
a=5 mm (Figure 35) still lie inside the failure locus for both 
+2°C, B (S, = 0.33, K, = 0.19), and -50°C, B’ (S, = 0.33, 
K, = 0.53). The conclusion that the structure is safe is, 
therefore, still valid. 


Detectable 
defect 
a=5mm 
2c = 10mm 


Fracture toughness*: 3772 N/mm*/? at -50°C eerie pou ss ae er eaea one 
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Figure 36 
Chevron crack in transverse deck weld 


The substantial dependence of the location of the assessment 
points on the selected Charpy correlation illustrates the 
potential problem of conducting an assessment when direct 


fracture toughness measurements have not been made 


6.1.2 Chevron cracks in transverse deck welds 

During the gouging for repair of a transversely oriented 
automatic butt weld in a new ship, internal planar defects 
were found in the weld. Initial investigations showed that 
the defects were up to 5 mm deep and oriented across the 
weld at 45° to the plate surface (Figure 36) and were 
probably chevron cracks caused by hydrogen ingress 
during welding. The NDE of a total of 195 m of similar 
welds on this and two other vessels in the same series 
showed that between 4% and 12% of the overall weld 
lengths were affected in the same way. A decision was 
needed as to whether these defects could be left safely in 


the welds or they had to be repaired 


A fracture mechanics fatigue assessment was carried out 
using the FATIGUEWISI 


methods recommended in PD 6493 and described in 


software embodying the 


Section 3.3. As the objective was to establish whether or not 
the defects could be left in place, pessimistic assumptions 


were made 


Fatigue threshold 


79 
vives 


“<5 


Assume R > 0.5, Section 3 
AK,, = 63 N/mm 


Crack growth 
For R > 0.5, Fig 8, Section 3.2.3 shows 


da/dN = 2.10 x 10 AK mm/<« 
for 63 < AK < 143.5 N/mm 


LR 7 1 2 pe 


1.29 x 10°12 AK2:88 mm/c 


143.5 N/mm?/? 


da/dN 
for AK 


Loading cycles 


Assume a Weibull distribution of N cycles of alternating 


stress Ao 
AG/AGmax = (1 - [log N/log N,])!/4 
AG max = 70 N/mm~-, the maximum alternating transverse 


stress as the defects were parallel to the longitudinal stress 


N,, = total number of cycles = 2.5 x 10’ in 5 years 


q = 1, considered to be a pessimistic value 


hus, the loading spectrum is shown in Figure 37 


Figure 37 
Cyclic loading spectrum for transverse deck weld with chevron 
cracks 
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Predicted fatigue crack growth from circular chevron cracks 
after 5 years and 20 years service 


Defect geometry 

Assume circular embedded defects, 5 mm to 30 mm deep 
lying either 5 mm or 15 mm below the free surface of a plate 
59 mm thick, corresponding to the minimum thickness of 
the plates with the defective welds. 


The predicted fatigue crack growth after 5 years and 20 years 
service is shown in Figure 38. Even after 20 years, it is expected 
that the observed 5 mm deep defects would grow by less than 
0.01 mm. A much deeper 30 mm defect would be expected to 
grow by about 4 mm in the same time. Such a large initial 


defect could be produced only by the linking of adjacent small 
defects. It is concluded, therefore, that the chevron cracks may 
safely be left in service but that they should be checked for 
growth by ultrasonic testing after 5 years. 


In order to confirm the conclusion, a fatigue test was 
carried out on a test weld produced using the same weld 
procedure. It was shown by ultrasonic inspection that the 
weld contained at least 60 chevron cracks in a length of 
374 mm. A full thickness tensile specimen with a 70 mm 
wide gauge length was cut parallel to the weld with the 
weld running along the centre-line and lying totally within 
the specimen. 


In order to complete the test in a reasonable time, an 
alternating stress of 218 N/mm? (0 to 218 N/mm’), 
corresponding to 3.1 times the maximum transverse stress 
expected in the vessel, was applied at a frequency of about 
1 Hz. According to BS 5400 Part 10, this alternating stress is 
the mean minus two standard deviations stress for a 
150,000 cycles life of a Class D butt weld, the class of weld 
under investigation on the vessel (Figure 39). 


The specimen failed after 185,080 cycles which exceeds the 
lower bound BS 5400 design curve performance for a Class 
D weld. Examination of the fracture surface (Figure 40) 
confirmed that the fatigue crack had initiated at a chevron 
crack which was about 5 mm deep x 14 mm wide, located 
10.5 mm below the free surface. This defect is more severe 
than the 5 mm deep circular defect assumed as the base 
case in the fatigue assessment. However, the growth of this 
larger defect predicted after 20 years service is still only 
0.06 mm. Thus the earlier conclusion that the defective 
welds are fit for service is supported by the results of the 
laboratory investigation. 
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Figure 39 


Result of laboratory fatigue test on weld with chevron cracks, compared to BS5400 Part 10 fatigue design curves. The maximum 


transverse stress range on vessel is also shown 


LR Technical Association: Paper No. 6. Session 1997-98 


o 


Figure 40 


Fracture surface of laboratory fatigue test specimen stressed parallel to the weld, showing initiation at chevron crack 


6.1.3 Risk assessment of defective deck welds 

Some of the deck and side shell welds in a ship were found 
not only to have centre-line defects due to lack of fusion 
(Figure 41), with a depth up to about 50% of the 10 mm 
plate thickness, but also to have Charpy ductile to brittle 
transition temperatures of up to about +20°C. As the ship 
was in service under low temperature conditions, the 
owner was concerned about the possibility of catastrophic 
brittle fracture, although none had been experienced in 
several years’ service. LR was, therefore, requested to carry 


out a fracture mechanics risk assessment 


Figure 41 
Lack of fusion centre-line defect in deck weld 


LR I 


Data for fracture mechanics failure assessments of the weld 
defects were measured either on-board or on samples taken 
from the ship 


Tensile properties 


Yield stress 
N/mm? 


Material Tensile strength 


N/mm? 


Fracture toughness 

Measurements of the dynamic fracture toughness of the 

weld in the temperature range -30° to 0°C were made at 
) 


loading rates of 102 MN/m?/2 s and 104 MN/m?/2 5s 


corresponding to wave and impact loading, respectively. 


The results given in Figures 42 and 43 show that the 
fracture toughness tends to be lower at the higher loading 
rate. For wave loading, the fracture toughness decreases as 
the temperature is reduced (Figure 42) but there is no 
discernible decrease over the temperature range of interest 


at the impact loading rate (Figure 43) 


Defect geometry 

Embedded defects up to 6 mm deep and up to 500 mm or 
more long were observed in radiographs, on cross sections 
through welds and on the fracture surfaces of samples 
broken along the weld. However, only about 5% of the 
defects were deeper than 3 mm. The defects were located at 
or close to the weld centre-line and were no closer than 


2 mm to the free surface 
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Effect of temperature on weld metal fracture toughness at 
wave loading rate 107MN/m*2s 
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Figure 43 
Effect of temperature on weld metal fracture toughness at 
impact loading rate 10*MN/m?/2s 


It is to be expected that failure will be controlled by the 
deepest defect under load. In the case of wave loading, this 
will correspond to the 6 mm deep defect as essentially all 
the welds will be loaded. However, for impact loading, the 
length of weld loaded will be smaller, so the largest defect 
affected may have a depth of less than 6 mm. This was 
taken into account when determining the risk of failure. 


Stresses 
Both applied and residual stresses have to be considered. 


The longitudinal stress in the deck midships increases with 
wave height. 
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17.2 
40.0 
58.4 
108* 


* Assumed to be equal to the design stress _ 


Stresses during an impact are assumed to be limited by the 
flow stress of the parent plate 385 N/mm/?. 


Residual stresses in the near surface region of selected 
welds were determined using the in situ centre hole drilling 
technique in which a 2 mm diameter by 2 mm deep hole 
was drilled by air abrasion in the centre of a rosette of strain 
gauges which measure the strain relaxation during the 
drilling process. Residual stresses below the surface were 
determined by monitoring the changes in strain gauge 
readings during cutting of the weld region from the ship 
and during subsequent sectioning of the weld. The results 
of these measurements for a typical weld and for a repaired 
weld are given below. 
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+128 
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Both types of weld show higher stresses at one surface than 
the other, implying a bending component of the residual 
stress. However, the stress levels are considerably higher in 
the repaired weld than in the typical weld with no repair. 
In both cases, the longitudinal stresses parallel to the length 
of the weld are higher than the transverse stresses 
perpendicular to the weld. In general, the weld centre-line 
defects will be subject only to the transverse stresses. 
However, where the weld crosses another weld, at a frame, 
for example, it is assumed that the higher longitudinal 
stresses are experienced. 


Assessment 

Initial pessimistic failure assessments of embedded weld 
defects up to 6 mm deep, 2 mm below the surface of a 10 mm 
thick plate were carried out, using a level 2 FAD (Section 
4.2.2), for both wave and impact loading, for the lowest 
measured fracture toughness values with the higher 
transverse residual stresses measured in the repaired weld. 
The results for wave loading which was assumed to 
produce tensile stresses on the weld defects are shown 
in Figure 44, for the minimum fracture toughness of 
58 MN/m*/? measured at -30°C. The results of the 
assessments for impact loading, assumed to exert bending 
stresses up to 385 N/mm? on the weld defects, are 
presented in Figure 45 for the minimum measured fracture 
toughness of 49 MN/m*/2, independent of temperature. 


In both cases, all the assessment points lie in the ‘safe’ zone 
of the FAD. However, it cannot be concluded from this 
initial analysis that there is no risk of failure. The wide 
scatter in the fracture toughness data (Figures 42 and 43) 
suggests that there is a finite probability of the fracture 
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Figure 44 
FAD for wave loading at -30°C of defects embedded 2mm 
below surface 


toughness falling below the lowest measured values. Also, 
the behaviour of defects located where welds cross which 
may be subject to the longitudinal residual stresses has to 
be considered. 


In order to address the possibility of fracture toughness 
values below those actually measured, statistical fits were 
made to the measured fracture toughness distributions at 
-30°C, -20°C, -10°C and 0°C for wave loading rates and for 
all the fracture toughness data over the same temperature 
range for the higher loading rate applicable to impacts. 
In each case, the better fit of a Weibull or log-normal 
distribution, with a lower bound cut-off at a fracture 
toughness of 30 MN/m*/2, was chosen. The fitted curves 
for the fracture toughness distributions at the lower loading 
rate are shown for each temperature in Figure 46. 


The other parameters needed for the fracture mechanics 
failure assessment were assumed to have either a single 
value where the uncertainty was considered to be small or 
a limited number of ranges in value. In the latter case, fixed 
values were chosen at the pessimistic end of each range and 
attributed the estimated probability corresponding to the 
range of values. For each combination of the parameters 
needed for a failure assessment, the critical value of the 
fracture toughness was calculated and the probability of 
failure, corresponding to the probability that this fracture 
toughness would not be achieved was determined from the 
statistical fits to the fracture toughness data. This was then 
multiplied by the yearly frequency of the ‘hazard’ 
conditions to estimate the predicted frequency of failure. 
However, failures such as local plastic collapse were then 
eliminated if they were not considered capable of resulting 
in catastrophic failure of the vessel. This procedure was 
repeated for the possible combinations of data and summed 
using a spreadsheet to estimate the overall predicted 
frequency of catastrophic failure. 
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As an example, the predicted frequencies of failure are 
shown below for an embedded defect 6 mm deep x 60 mm 
long, located 2 mm below the surface at a crossing weld 
subjected to longitudinal residual stresses and wave 
loadings in the temperature range 0°C to -10°C. Fracture 
toughness values are assumed to be those for -10°C. It was 
shown that once a crack has been initiated, providing the 
stresses and the fracture toughness remain the same, the crack 
would be expected to propagate, first to the nearer free 
surface, then through the thickness and, finally, as a 
through thickness crack. Hence, it was concluded that, in 
this case, the failures would be potentially catastrophic. 


Applied stress (N/mm?) 


Defect depth 
(mm) 


Kr = Stress intensity factor/Fracture toughness 
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Figure 45 
FAD for impact loading of defects embedded 2mm below surface 
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Cumulative distribution functions for weld fracture toughness 
for wave loading 
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When the predicted frequencies of catastrophic failure from 
wave action are summed for defects at crossing welds for 
the other temperature ranges and for defects in welds not 
influenced by other welds, the overall predicted frequency 
of failure is 6.1 x 10° per year. However, for the particular 
service conditions of this vessel, failure assessments show that 
the risk of catastrophic failure from impacts of 2.9 x 104 per 
year is considerably higher than the risk from wave action. 


This approach to risk assessment is a simplification of the 
‘ideal’ in which continuous distributions are established for 
each of the parameters needed for the failure assessment. 
Where such distributions are available, often implying the 
need for a large amount of experimental data, the risk of 
failure can be predicted by combining the distributions 
either analytically or numerically using, for example the 
Monte Carlo method. In the latter case, a large number of 
failure assessments have to be carried out, usually by 
computer methods, when values of the input parameters 
are chosen at random according to their frequency 
distributions. The proportion of assessment points falling in 
the ‘fail’ zone of the FAD then represents the probability 
of failure. The predicted frequency of failure is then 
calculated, as above, by multiplying this by the frequency 
of the ‘hazard’ conditions considered. 


6.2 Failure Investigation 


6.2.1 Cracked stern frame casting 

A stern frame casting in a ship cracked in heavy seas. 
The crack appeared to be brittle and had propagated into the 
casting from the weld attaching it to the ship plate (Figure 47). 
The casting was repair welded but cracked again after a 
short time. A second weld repair was no more successful 
than the first and the casting was replaced by a fabricated 
section. 


Tests on the failed casting showed that although the strength 
level was satisfactory, the elongation of 18% in the tensile 
test was below the minimum requirement of 25% and the 
mean Charpy V-notch impact energy of 12 J at +10°C 
was very low. Both these observations are consistent with the 
brittle behaviour of the casting. In addition, the microstructure 
of the casting was poor, indicating inadequate heat treatment. 
This was traced to the lack of attached thermocouples 
during heat treatment. 
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Figure 47 
Crack in intermediate stern frame steel casting 


Two courses of action were taken to gain confidence in the 
integrity of similar castings in the sister ships of the one 
which suffered the fractures in the stern frame casting. 


In situ metallography 

In situ metallography was carried out on each ship. This 
showed that the stern frame castings in all the sister ships 
had more favourable microstructures than the casting that 
failed. However, a 53 mm long crack was revealed in one of 
the castings. As this appeared to be an original hot tear with 
no evidence of growth in service, it was ground out and the 
ship was returned to service. 


Critical defect size 

In order that the defect tolerance of the castings could be 
estimated, full thickness (50 mm) compact fracture 
toughness test specimens, machined from the failed casting, 
were subjected to J tests (BS 7448:1991), two at 0°C and two 
at +10°C. The equivalent Kjc fracture toughness values 
derived from J and the CTOD values which were also 
measured are listed below. 
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As the casting fractured in a brittle manner, the critical 
defect size for unstable cracking was determined from 
equation (12), with plastic collapse considered to be 
unlikely. Surface breaking defects with a surface length to 
depth ratio of 5:1 were assumed. The effect of increasing 
surface length of the defect on the stress intensity factor is 
shown in Figure 48 for possible combinations of applied 
and residual stress. There is a risk of unstable cracking 
where the stress intensity factor exceeds the minimum 
measured fracture toughness of 3430 N/mm®*/? for the 
casting. Under the highest stress conditions considered 
(200 N/mm? applied stress + yield magnitude residual 
stress) the critical surface length of the defect is about 
80 mm. This is consistent with the lack of cracking in the 
casting with a 53 mm defect. 


No further problems have been experienced either with the 
fabricated or cast intermediate stern frames since the vessels 
were returned to service. 
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Figure 48 

Effect of stress and defect surface length on stress intensity 
factor, showing derivation of minimum critical defect size for 
brittle fracture 
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7 Discussion 


The recent experience in LR Materials Department, described 
above, has demonstrated the value of fracture mechanics 
when considering structures containing planar defects. Its 
power lies in its quantitative approach which enables 
predictions to be made as to whether or not a particular 
defect will grow when it is subjected to a known static or 
alternating stress. 


As a result, the assessment of the two ships with defective 
deck welds enabled both to be accepted as fit for service as it 
was shown that the chevron cracks in one case (Section 6.1.2) 
and the centre-line lack of fusion in the other (Section 6.1.3) 
were unlikely to cause failure. Expensive repairs were thus 
avoided. However, fracture mechanics should not be used 
as an alternative to good workmanship. There is no reason 
to relax the requirement for no planar defects in welds. 


It should be recognised that there are limits to the 
detectability of defects. Even when planar defects have not 
been identified in a structure, fracture mechanics can be 
used, as in the case of the propane storage spheres (Section 
6.1.1), to demonstrate that defects that might escape 
detection during NDE would not threaten the integrity of 
the structure. 


At the other extreme, after a structural failure, fracture 
mechanics can assist in the subsequent investigation. It is 
capable of describing both the initiation and growth of a 
crack in quantitative terms. Where defects have initiated 
a failure, it is important that similar structures under 
construction or already in service are inspected for potentially 
damaging defects. The fracture mechanics estimates of the 
smallest size of defect that could initiate a failure can form 
the basis of the specification for the level of NDE required. 


However, there can be significant costs in acquiring the 
data needed for a fracture mechanics assessments of 
structural integrity. The requirements can be quite modest if 
a pessimistic approach is adopted and lower bound data 
are used. This is satisfactory if safety can be demonstrated 
but it can also predict failure when the risk is actually small. 
More accurate assessments need directly relevant data. 
In order to estimate the probability of failure, the distributions 
of the values of the parameters in the analysis are needed. 
Even where a simplified approach, such as that used in the 
assessment of the lack of fusion defects in the deck welds 
for low temperature service (Section 6.1.3), is used, a 
considerable amount of data is still needed. 


In applying fracture mechanics to the assessment of 
structural integrity, a number of potentially important 
factors need to be considered to ensure that the conclusions 
drawn are valid. 


Dynamic loading 

Structures, such as ships are subject to dynamic loading 
which can lead to an upward shift in the ductile to brittle 
transition temperature for structural steels. However, 
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standard fracture toughness tests are carried out under 
quasi-static conditions which may, therefore, result in non- 
conservative data. The dynamic fracture toughness test 
developed by the Admiralty is described in section 5.3. This 
dynamic loading effect was taken into account in the fracture 
toughness tests on the deck welds with the centre-line 
defects (Section 6.1.3). 


Crack arrest 
Fracture mechanics failure assessments are usually based 
upon the conditions for crack initiation rather than arrest. 


However, once a crack has started, the toughness of material 
encountered will have an important influence on whether 
or not there is a complete catastrophic failure of the structure. 
The tougher grades of steel such as D and E are widely used 
in ship construction in order to arrest cracks initiated in an 
adjacent less tough material. 


It is often assumed that the local quasi-static fracture 
toughness can be used for assessing crack arrest. Although 
high static fracture toughness is some guide to high crack 
arrest toughness, dynamic effects such as the effect of 
loading rate and stress waves associated with a rapidly 
moving brittle crack can affect the numerical value of the 
toughness. Crack arrest toughness determination is a 
specialised procedure. 


Short cracks 

It has been noted already that short defects can behave 
anomalously if treated by fracture mechanics as long 
cracks. In the context of fatigue crack growth, it was shown 
that this applies to cracks with a size of less than about 
0.1 mm (Section 3.4.2). While it would be of value to treat 
these by fracture mechanics, it should be noted that most 
defects leading to premature failure are larger than this. 


Mismatch 

The assessment of defects using fracture mechanics is 
based essentially on the assumption that the material 
is homogeneous so it is clear which material properties are 
needed for the analysis. However, defects often occur in 
relatively narrow regions such as weld metal or heat 
affected zones with properties different from those of the 
bulk material. Local properties corresponding to the location 
of the crack tip should be employed in an assessment of the 
defect. However, these properties are not always available. 
Also, the assumption of homogeneity is strictly invalid 
when the plastic zone is influenced by material adjacent to 
the crack tip with different flow properties. Some advice 
on the treatment of such mismatch is provided in BS 7910. 


The above considerations are all areas of active research 
and serve to indicate some of the complications that can 
arise when fracture mechanics is applied to real systems. 
The objective of this Paper has been to indicate some of the 
capabilities of fracture mechanics rather than to enable 
surveyors to conduct failure assessments themselves. As the 
foreword to both PD 6493 and the new BS 7910 says, 
fracture mechanics methods should only be ‘entrusted to 
appropriately qualified and experienced people’. 
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Synopsis 


Owners and Operators of existing bulk carriers are faced 
with the retrospective structural evaluation of the foremost 
hold structure under conditions of hold flooding. This work 
is being implemented as a condition of classification with 
IACS Member Societies. 


This Paper describes the relevant [ACS Unified Requirements 
and their implementation by Lloyd’s Register. Guidance is 
offered on typical upgrading requirements for Handysize, 
Panamax and Capesize vessels, along with estimated 
steelweights and costs. 


Options for evaluation of the foremost hold structure are 
described, along with early trends from those cases where 
Owners and Operators have carried out the required 
upgrading work. 
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1. Introduction 


On 29th May 1997 IACS Council adopted, for existing 
single side skin bulk carriers (of 150 metres in length, or 
over) the following Unified Requirements for the 
evaluation of the foremost hold structure under conditions 
of hold flooding: 


¢ URS19 Evaluation of Scantlings of the Transverse 
Watertight Corrugated Bulkhead between 
Cargo Holds Nos. 1 and 2, with Cargo Hold 
No.1 Flooded, for Existing Single Side Skin 
Bulk Carriers. 


¢ UR S22 Evaluation of Allowable Hold Loading of 
Cargo Hold No. 1, with Cargo Hold No. 1 
Flooded, for Existing Single Side Skin Bulk 
Carriers. 


IACS has defined existing ships as those for which the 
contract is signed prior to Ist July 1998. The timetable 
(Appendix A) for the retrospective application of these 
requirements is related to the date of Special Survey and 
age. For older vessels the implementation dates are 
generally related to the Survey date, i.e: 


¢ for ships which will be 20 years of age or more on Ist 
July 1998; by the due date of the first Intermediate 
Survey, or the due date of the first Special Survey to be 
held after the Ist July 1998, whichever comes first; 


¢ for ships which will be 15 years of age or more but 
less than 20 years of age on Ist July 1998; by the due 
date of the first Special Survey to be held after Ist July 
1998, but not later than Ist July 2002; 


For younger vessels the implementation dates are generally 
related to the age although our expectation is that Owners 
will time implementation to meet the age limit and co- 
incide with a dry-docking for Special Survey, i.e: 


¢ for ships which will be 10 years of age or more but less 
than 15 years of age on Ist July 1998; by the due date of 
the next Special Survey after the date on which the ship 
reaches 15 years of age but not later than the date on 
which the ship reaches 17 years of age; and 


¢ for ships which will be less than 10 years of age on Ist 
July 1998; by the date on which the ship reaches 15 years 
of age. 


There are about 900 single side skin bulk carriers of 150 
metres in length or over classed with Lloyd’s Register. About 
one third of the classed fleet are Panamax size or larger. The 
results of these evaluations indicate that the extent of 
upgrading work required on application of Unified 
Requirements S19 & $22 will vary depending upon the 
deadweight, scantlings and arrangements adopted at time of 
build, and the diminution of scantlings during service. 


The objectives of this Paper, in it’s original form when 
presented at the Spring 1998 RINA Conference on the 
‘Design and Operation of Bulk Carriers’, were to provide 
guidance to Owners and Operators on procedures to adopt 
for evaluation of the foremost hold structure, and to give 
indications of the expected reinforcements for the typical 
trade optimized sizes of bulk carriers, namely Handysize, 
Panamax and Capesize, along with some estimates of 
steelweights and US dollar costs involved. 


Some of these objectives are also relevant to our field 
surveyors who will be ultimately responsible for carrying 
out surveys of the bulkhead upgrading work. It is therefore 
both timely and appropriate that this Paper be updated and 
circulated to our surveying staff under the auspices of the 
Lloyd’s Register Technical Association. 


In addressing these objectives the standards of strength and 
formulations of the [ACS Unified Requirements have been 
addressed in general terms only, as these Requirements 
have been considered in some detail in earlier deliberations 
within IACS and at the IMO Maritime Safety Committee. 
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i > a ACS Unified 2.2 Bulkhead scantling determination 
Requirement S19 Formulations in the Unified Requirement allow for 


R S determination of differing bulkhead plating thicknesses, so- 
(U 19) called ‘net’ thicknesses, t,,,, determined from each of the 


following considerations: 


¢ Bending capacity of the bulkhead considering an ultimate 
elastic modulus associated with the formation of two 


The most severe combinations of cargo induced and flooding plastic hinges at the middle and lower end of bulkhead 
loads are considered in the evaluation of scantlings of the span respectively. 

corrugated watertight bulkhead between Hold Nos. 1 and 2. A 

heavy cargo bulk density limitation of 1.78t/m’, or above, is ¢ Web shear area and buckling capability at the bulkhead 
applied. lower end connection. 


¢ Local panel collapse pressure thickness. 


2.1 UR S19 load case for foremost 


hold flooding Of particular note for our field survey staff is that there are 
explicit minimum thicknesses applied that may, on evaluation 
For determining the required bulkhead scantlings, the worst of the No. 1 Hold aft bulkhead, overide the current Survey 
case scenario of flooding of the No. 1 Hold is a non- Procedures Manual limit of 15% diminution from ‘as-built’ 
homogeneous loading case, considering the maximum scantlings. 
es allowable hold cargo mass at an assumed ore cargo density of 


1.78t/m’ (see Figure 1). 


This load case provides for the maximum resultant pressure 
and force on the bulkhead corrugations, and accounts for 
the majority of non-homogeneous loading conditions 
envisaged. 


The depth of hold flood water is taken as a function of the 
moulded depth, with an increased flooding depth applicable 
to those bulk carriers assigned type ‘B’ with reduced 
freeboard. A permeability factor of 0.3 is assumed for water 
ingress into the cargo. 


Figure 1 
— Non-Homogeneous Loading at Cargo Density 1.78 t/m® for Bulkhead Evaluation 
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3 IACS Unified 3.2 Allowable hold loading determination 
Requirement S22 Formulations in the Unified Requirement allow for 
S determination of allowable hold loading, considering the 
(UR 22) overall sum of the shear capacity of the following double 


bottom primary structural elements: 


The most severe combinations of cargo induced and 
flooding loads are applied for evaluation of the allowable 
hold load of the No. 1 Hold double bottom. . 


3.1 UR S22 load case for foremost 
hold flooding 


For determining the allowable hold loading of the double 
bottom structure, the worst case scenario of flooding of the 
No. 1 Hold is a non-homogeneous loading case of the 
maximum allowable hold cargo mass, at an assumed ore 
cargo density of 3.0t/m’ (see Figure 2). 


This load case provides for the maximum shear load on the 
double bottom structural elements. 


Figure 2 


End bays of girders adjacent to hold end bulkheads. The 
area of any openings are deducted from the shear 
capacity contribution of the girder under consideration. 


Outboard bays of floors adjacent to hopper tank knuckle 
connection. The area of any openings are deducted from 
the shear capacity contribution of the floor under 
consideration. 


No shear capacity contribution is allowed where end 
bays of girders are terminated at bulkhead positions. 


Non-Homogeneous Loading at Cargo Density 3.0 t/m® for Double Bottom Evaluation 
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4 Implementation of 
Existing Bulk Carrier 
Evaluations 


For implementation of the UR S19 and S22 foremost hold 
structure evaluations to an existing classed bulk carrier, a 
comparison of the evaluation results with the actual 
condition of the Hold Nos. 1/2 bulkhead and Hold No. 1 
double bottom is required to determine the extent of any 
upgrading work necessary. 


4.1. Four step implementation procedure 
for evaluation of classed bulk carriers 


Lloyd's Register has implemented a four step procedure to 
enable Owners and Operators of classed bulk carriers to 
plan and budget the required upgrading in advance of the 
implementation date: 


¢ Step 1: Preliminary evaluation in accordance with UR 
S19 and UR $22, based upon ‘as-built’ plans of 
the scantlings and arrangements. 


In most cases this work has been instigated by Lloyd’s 
Register without any formal request from the Owner. In 
Appendix B an example letter enclosing preliminary 
evaluation results for a 1990 built Capesize bulk carrier is 
shown. 


¢ Step 2: Inspection and, where appropriate, thickness 
gauging of bulkhead and double bottom 
structural elements. 


The minimum required extent of bulkhead thickness 
gauging corresponds to the horizontal bands (levels) 
indicated in the IACS Guidelines for ‘Gauging of the 
Corrugated ..... Bulkhead between Hold Nos. 1 and 2’ (Appendix 
C). It should be noted that gauging of existing shedder or 
gusset plates would only be expected if these elements were 
being considered for bulkhead upgrading purposes. 


It should perhaps be emphasised that the [ACS Guidelines 
represent the minimum extent of gauging to determine the 
required scheme of upgrading work based upon the actual 
bulkhead plating thickness. In practice, experience 
indicates that more extensive gauging work is typically 
necessary as part of the Enhanced Survey Programme 
requirements. 
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¢ Step 3: Based upon a comparison of the evaluation and 
inspection results, a plan of upgrading work for 
bulkhead and, where appropriate, double 
bottom structure is agreed by Lloyd’s Register 
with the Owner or Operator. 


The foremost hold structure evaluation may overide 
currently applied diminution limits for elements of 
bulkhead and double bottom structure. Tables of 
diminution limits are therefore being incorporated in 
upgrading plans to indicate the ‘excessive diminution’ and 
‘substantial corrosion’ limits for the purpose of subsequent 
close up surveys and thickness measurements. 


Where an Owner or Operator has been unable to carry out 
gauging work in advance, outline plans of schemes for 
upgrading have been agreed, subject to thickness gaugings 
and inspection at dry-docking and Special Survey, to 
confirm that an appropriate extent of upgrading work has 
been applied. 


¢ Step 4: Upgrading work carried out under Lloyd’s 
Register survey by the due date of 
implementation. 


5 Corrugated Bulkhead 
Upgrading to Comply 
with UR S19 


For the corrugated watertight bulkhead between Hold Nos. 
1 and 2, the actual gauged thickness of the bulkhead is 
compared with the ‘net’ thickness, determined from the UR 
$19 evaluation, and an appropriate level of renewal or 
reinforcement is applied. 


5.1 Effective gusset reinforcements 


Where the ‘net’ bulkhead plating thickness from bending 
capacity considerations is in excess of the actual gauged 
bulkhead plating thickness, the incorporation of effective 
gusset reinforcements may be required as a minimum. 


Effective gussets provide a contribution to the corrugated 
bulkhead flange area, and hence bulkhead bending 
capacity, at the lower end of span (see Figure 3). 


Gusset arrangements, to be considered effective, are 
required to be fitted in line with the stool side and 
corrugation flange plating and have deep penetration weld 
connections. 


Typical effective gusset arrangements adopted for 
bulkhead upgrading have a minimum height of 500 mm, 
and a thickness equal to the bulkhead ‘net’ thickness. 


Corrugated 
bulkhead 


, 


Shedder 


Figure 3 
Effective Gusset Arrangement 


Figure 4 
Gusset Plate with Radiused Toe 


Effective shedder plate arrangements, which are provided 
for in the Unified Requirements, are not commonly being 
considered for upgrading in view of the reduced allowable 
contribution to the corrugation flange area and bulkhead 


bending capacity provided by effective shedders 


Note, however, that shedder plates will normally be 
reinstated by Owners on the fitting of effective gusset 
arrangements and this has led to two arrangements of 
effective gussets being adopted for bulkhead upgrading 


work; 


* A built up (fabricated) arrangement of gusset and 
shedder 


¢ A formed (bent or rolled) integral gusset and shedder 
arrangement 


In Figure 4 a gusset plate (of a built up type) with a 
radiused toe is shown. This arrangement was adopted in 
one recent bulkhead upgrading case and clearly shown in 
this photograph is a verification of the required alignment 


of the gusset plate 
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Special attention needs to be given to the fit-up and deep 
penetration welding of the gusset to the corrugation corner 
as, in one bulkhead upgrading case, fractures have 


occurred in the radiused corner of the bulkhead plating 


It will be further noted that the required alignment for 
effective gusset arrangements conflicts with advice in the 
[ACS Bulk Carrier ‘Guidelines for 


which explicitly states in the examples of repairs to 


Repair of Hull Structure’ 


transverse bulkhead damages that, ‘in order to avoid possible 
fractures in the knuckles of the corrugations diaphragm (gusset) 
plates, should not be butt welded to the knuckles’ 


In the case of a formed integral gusset and shedder 
arrangement our expectation is that a one side full 
penetration weld connection will be adopted to ensure a 


satisfactory weld connection of the gusset 


5.2 Doubling strip reinforcements 


Where, on evaluation, the adoption of effective gussets 
provides insufficient bending capacity contribution, the 
additional adoption of doubling strip reinforcement is 


allowed 


Doubling is commonly recommended for the lower 70% of 
the bulkhead span to provide contribution to the bending 
capacity in the mid (55%) and lower (15%) parts of the 
bulkhead. If doubling strip reinforcement for the lower part 
of the bulkhead is required, then deep penetration weld 
attachment of the doubling strips at the lower stool shelf 


plate is recommended. 


Arrangements of doubling strip reinforcement accepted by 
Lloyd’s Register incorporate three doubling strips, typically 
200 mm breadth and 10 mm thickness, with sufficient cross 
sectional area to allow diminution of the bulkhead flange 
plating to the renewal limit of t 


net + 0.5mm (see Figure 5). 


" 
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Doubling strip 
reinforcement 


0 o 09 % % CD) 


Figure 5 
Scheme of Bulkhead Upgrading with Effective Gussets and 
Doubling Strips 
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Figure 6 
Detail of Doubling Strip End Taper 


Where doubling strip reinforcement is required for 
bulkhead upgrading, it is recommended that the bulkhead 
plating in way be suitably prepared and cleaned, by, for 
example, shot blasting, prior to fitting the reinforcing strips. 


Figure 6 shows an approved arrangement of doubling strip 
toe taper and welding. The following features indicated in 
the Figure are worthy of note; 


* 1in3 taper of doubling strip nose 
* Close spacing of doubling strips 
* Radiused toe of doubling strip nose 


Where it is proposed to fit doubling strip reinforcements, 
and the bulkhead flange plating in way is found to be 
indented, for example due to mechanical damage, the 
bulkhead plating should be partially renewed to ensure 
that the effectiveness of the reinforcing doubling strips is 
not impaired. 


5.3 Bulkhead plating renewals 


Where the gauged thickness of the bulkhead plating is 
below the renewal limit, of t,,,, + 0.5mm (where typo is the 
minimum determined from shear area, shear buckling or 


Doubling strip 
reinforcement 


Partial renewal 
of lo 


er part 
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Figure 7 
Scheme of Bulkhead Upgrading Incorporating Partial Renewal 
and Gusset and Doubling Strip Reinforcement 


local panel collapse pressure considerations), the scheme of 
bulkhead upgrading may incorporate partial renewal of the 
bulkhead. On renewal of bulkhead plating, a minimum 
thickness of t,,.¢ + 2.5mm is incorporated with an increased 
thickness typically being adopted to satisfy bending 
capacity considerations without reinforcement. 


Figure 7 shows a scheme of bulkhead upgrading combining 
partial renewal of the lower part of bulkhead span and 
doubling strip reinforcement of the middle part of 
bulkhead span. 


When the scheme of bulkhead upgrading incorporates 
partial renewal of the bulkhead plating, consideration will 
need to be given to ensuring that sufficient parts of the 
bulkhead remain in situ during cropping and renewing 
works to ensure that adequate support is provided to the 
cross deck strip and hatch coaming structure. 


On fitting of the new bulkhead parts, special attention may 
need to be given to the fit-up and alignment of the new and 
existing bulkhead parts to ensure good alignment of the 
corrugations. 


Figures 8 and 9 show two examples of good practice for 
plating renewal work adopted in one recent bulkhead 
upgrading case. Figure 8 shows a weld run off tab piece for 
a prefabricated corrugation insert piece. Figure 9 shows air 
arc gouging of the insert plate weld butt and seam with a 
short length of gouging in the existing butt weld to enable 


the correct weld sequence to be adopted. 
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Figure 8 
Insert Plate Weld Run Off Tab Piece 


Figure 9 
Arc Air Gouging of Plating Insert Welds 


5.4 Upgrading of fillet weld connections 


Examples of failures of corrugated watertight bulkheads 
indicate that, in addition to the plastic collapse failure 
mechanism considered by the formulations in UR $19, 
shear failure of the fillet weld connections typically occurs 
at the lower stool shelf plate (see Figure 10) or, where no 
lower stool is fitted, at the inner bottom. 


Lloyd's Register, therefore, additionally requires upgrading 


of the bulkhead lower end weld connections to a deep 
penetration standard (see Figure 11) 
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Figure 10 
Shear Failure of Fillet Weld Connection 
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Figure 11 
Fillet Weld Upgrading 


5.5 Application of protective coatings 


The application of protective coatings, or annual gauging, is 
required where the actual thickness of the bulkhead plating is 
determined, on thickness gauging, to be within 0.5 mm of the 


UR S19 renewal thickness of t,., + 0.5 mm. 


net 
In addition, [ACS members have recently adopted 
amendments to the Survey Regulations (Reference 2) which 
provide for a reduced scope of bulkhead close up survey, 
and gauging, if protective coatings are applied and remain 
efficient at periodical surveys. Application of protective 
coatings is, therefore, recommended in association with any 


bulkhead upgrading work carried out. 
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5.6 Scheme of bulkhead upgrading 
adopted on bulk carrier ‘United 
Respect’ 


Figure 12 shows views of a scheme of bulkhead upgrading, 
incorporating partial renewal and reinforcement which was 
carried out on the LR classed Capesize bulk carrier ‘United 
Respect’ in China in September 1997. 


In this case, the scheme of bulkhead upgrading 
incorporated partial renewal of the bulkhead lower part 
from shear buckling considerations. 


On renewal, effective gusset arrangements and a 6.5 mm 
thickness increase of bulkhead plating (12.5 mm ‘as-built’ to 
19.0 mm ‘upgraded’) were incorporated in the bulkhead 
lower part from bending capacity considerations, along 
with three 225 x 10 mm doubling strip reinforcements over 
the middle part of span. 


A similar scheme of bulkhead upgrading could be expected 
for the preliminary evaluation example of a 1990 built 
Capesize bulk carrier in Appendix B. 


Figure 12 
Views of Bulkhead Upgrading Work carried out on 
‘United Respect’ 
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5.7. Typical scope of work for bulkhead 


upgrading schemes 


Combining all these recommendations the following scope 
of work could be envisaged for any repair specification of a 
scheme of bulkhead upgrading on application of [ACS 
Unified Requirement S19. 


Removal of any existing bulkhead lower end shedder 
plates. 


Inspection and confirmatory thickness gauging of 
bulkhead plating. 


Renewal of bulkhead plating where required for scheme 
of upgrading. 


Surface preparation of corrugated bulkhead plating. 

Upgrading, to a ‘deep penetration’ standard, of weld 
connections of bulkhead to inner bottom, or where a 
lower stool is fitted, of weld connections of bulkhead to 


stool shelf plate and shelf plate to stool stoping plate. 


Incorporation of gusset with deep penetration weld 
connection. 


Fitting of doubling strip reinforcement. 


Application of protective coatings. 


As staging of the bulkhead is required to provide access for 
gauging, and also for any upgrading work required, a 
number of Owners and Operators have opted to carry out 
early implementation of upgrading to coincide with staging 
of bulkhead for blasting and coating work. 
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6 Allowable Hold Loading 
Options for Compliance 
with UR S22 


For the Hold No.1 double bottom, maximum hold loads 
required for the vessels’ loading conditions are compared 
with those determined from the UR $22 shear capacity 
evaluation. 


In most cases, this comparison indicates that the double 
bottom girder and floor structural elements remain 
adequate up to the current LR class applied limit of 20% 
diminution from ‘as-built’ scantling, and therefore no 
reductions in maximum hold loads or reinforcement are 
required. 


Evaluations of the Hold No. 1 double bottom have indicated, 
for some large bulk carrier cases, that the allowable hold load 
determined from the UR $22 evaluation is less than that 
required for the vessels’ loading conditions. In such cases there 
are a number of options available to restore hold loading to 
satisfy the vessels, loading conditions. 


6.1. Confirmatory inspection and 
thickness gauging 


A confirmatory inspection and thickness gauging may be 
sufficient for those cases where the shear capacity 
evaluation indicates reductions in hold loads at thicknesses 
approaching the allowable diminution limit of the double 
bottom structure. Such an option is appropriate where 
double bottom structural elements have been coated at 
build and the coatings have been maintained. 


_ Lower stool 


Figure 13 
Partial Renewal of End Bay of Double Bottom Girder Adjacent 
to Hold Bulkhead 
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6.2 Closing of manholes in floors and 
girders 


Closing of manholes in floors and girders may be 
contemplated to restore shear area and allowable hold 
loading. For most of the cases, where this has been 
considered, the closing of manholes in floors and girders 
has provided insufficient shear area contribution to restore 
hold loading to the maximum specified in the vessels’ 
loading conditions. 


6.3 Partial renewal of double bottom 
girders 


For a small number of large bulk carriers, usually where 
there is a wide spacing of floors or a shallow double 
bottom, the evaluation may indicate reductions in hold 
loads even at the ‘as-built’ scantling with no diminution of 
double bottom structural elements. 


In such cases, reinforcement work by partial renewal of 
girders may be contemplated by the Owner (see Figure 13). 
Where proposed the adoption of an increased girder 
thickness and higher tensile steel grade is typically 
recommended 


Partial renewal of 
double bottom girder 
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7 Typical Upgrading 
Requirements 


The majority of classed bulk carriers over 150m in length 
fall into the trade optimized sizes; namely, Handysize, 
Panamax and Capesize. 


7.1 Trade optimised bulk carrier sizes 


Indicated in Table 1 are the typical proportions of modern 
trade optimised designs of bulk carriers. 


Similar hold lengths are found for each of these bulk carrier 
types although hold proportions and volumes increase 
with the increased size of vessel. A consequence of this for 
the foremost hold structure is that more onerous evaluation 
results are obtained for the larger vessels in association 
with increases in corrugated bulkhead spans and hold 
cargo masses. 


For each of these sizes of bulk carrier a large number of 
evaluations have now been carried out and it is possible to 
indicate typical expectations for the foremost hold structure 
evaluation. 


7.2 Handysize bulk carriers 


For a Handysize, the following upgrading work would be 
expected for the foremost hold aft bulkhead found in good 
condition with limited diminution of bulkhead plating: 


¢ Effective gussets (see Figure 3) at the lower end of 
bulkhead span from bending capacity considerations. 


¢ Doubling strip reinforcement, from bending capacity 
considerations, for the lower and middle parts of the 
bulkhead span (see Figure 5), in cases where the 
corrugations are shallow or acutely angled. 


¢ An increase in renewal plating thickness on renewal, of 
up to 2mm. 


¢ Lower stool, or where no lower stool is fitted, inner 
bottom weld connection upgrading from fillet welding 
to deep penetration standard (see Figure 11). 


Handysize (45,000 dwt) 


LBP metres 175.0 


Bi(mid) metres 


Table 1 
Trade Optimised Bulk Carrier Sizes 


Panamax (73,000 dwt) Capesize (165,000 dwt) 


No restrictions on double bottom hold loading would be 
expected for a Handysize bulk carrier. 


7.3. Panamax bulk carriers 


For a Panamax, the following upgrading work would be 
expected for the foremost hold aft bulkhead found in good 
condition with limited diminution of bulkhead plating: 


¢ Effective gussets (see Figure 3) at the lower end of 
bulkhead span from bending capacity considerations. 


¢ Doubling strip reinforcement, from bending capacity 
considerations, for the lower and middle parts of the 
bulkhead span (see Figure 5). 


¢ An increase in renewal plating thickness of between 2 to 
4 mm from bending capacity considerations. 


¢ Lower stool, or where (for a limited number of cases) no 
lower stool is fitted, inner bottom weld connection 
upgrading from fillet welding to deep penetration 
standard (see Figure 11). 


No restrictions on double bottom hold loading would be 
expected for a Panamax bulk carrier. 


7.4 Capesize bulk carriers 


For a Capesize, the following upgrading work would be 
expected for the foremost hold aft bulkhead found in good 
condition with limited diminution of bulkhead plating: 


¢ Effective gussets (see Figure 3) at the lower end of 
bulkhead span from bending capacity considerations. 


¢ Partial renewal of lower (15%) part of bulkhead span 
may be required from web shear area or buckling 
considerations (see Figure 7). In such cases, a renewal 
thickness sufficient to satisfy bending capacity 
considerations is typically adopted. 


¢ Doubling strip reinforcement, from bending capacity 
considerations, for the lower and middle parts of the 
bulkhead span (see Figure 5). Where renewal of the 
lower part is required, doubling strips may be 
incorporated over the middle part only (see Figure 7). 


Dmid) metres 


No. of Holds 
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e An increase in renewal plating thickness of between 4 to 
8 mm from bending capacity considerations. 


¢ Lower stool weld connection upgrading, from fillet 
welding to deep penetration standard (see Figure 11). 


For a small number of these cases, where there is a wide 
spacing of floors or a shallow double bottom, partial 
renewal of the end bays of double bottom girders adjacent 
to hold bulkheads may be required to restore hold loads. 


7.5 Upgrading by partial renewal of 
bulkhead plating 


In addition to the upgrading requirements indicated above, 
local panel collapse pressure, shear area and shear buckling 


Table 2: 


considerations may restrict the allowable diminution of 
bulkhead plating. With increased diminution levels, partial 
renewal of bulkhead plating may be required, and 
upgrading by renewal with an increased thickness of 
bulkhead plating is typically recommended. 


7.6 Steelweight and cost of upgrading of 
hold no. 1/2 bulkhead 


Using an average of the estimated steelweights from 100 
evaluation results of older bulk carrier designs, i.e. those 
approved more than 5 years ago, a simple cost estimate for 
bulkhead upgrading work has been determined for 0.0 and 
2.0 millimetre ‘averaged’ diminution of bulkhead plating, 
as indicated in Table 2. 


Required Upgrading of Hold No. 1/2 Bulkhead - Steelweights and Costs 


Reinforcing Required Upgrading Required Upgrading Renewal | 
steelweight & Weight & Cost at Weight & Cost at Weight & 
Cost 0.0 mm diminution 2.0 mm diminution Cost 
Average 
steelweight, 5.5 [0.0 o] 19.0 [5.0 0] 46.0 
tonnes 
Lower cost 
estimate $35,000 $35,000 $62,000 $116,000 
aioe 2.0 US $/kg 
Upper cost 
estimate $46,000 $46,000 $100,000 $208,000 
4.0 US $/kg 
Typical upgrading Renewal of bulkhead lower 0-2 mm 
: Gusset reinforcement part, gusset thickness 
work required A ; 
reinforcement increase 
Average 
steelweight, 12.0 12.0 [5.0 o] 46.5 [15.0 0] 67.0 
tonnes 
Lower cost 
estimate $48,000 $48,000 $117,000 $158,000 
2.0 US $/kg 
Panamax = 
Upper cost 
estimate $72,000 $72,000 $210,000 $292,000 
4.0 US S/kg 
4 ' Gusset & Renewal of lower part 2-4 mm 
Typical Eber ang doubling strip gusset & doubling thickness 
work required = 2 4 : 
reinforcement strip reinforcement increase 
Average 
steelweight, 30.0 55.0 [20.0 0] 99.0 [35.0 6] 130.0 
tonnes 
Lower cost 
estimate $84,000 $134,000 $222 000 $284,000 
2.0 US $/kg 
Capesize 
Upper cost 
estimate $144,000 $244,000 $420,000 $544,000 
4.0 US $/kg 
Typical upgrading Renewal of lower part gusset & Renewal of lower & a let 
work required doubling strip reinforcement middle parts & soa Lage 
gusset reinforcement increase 
Notes i) Estimates of LR 1/97 Marine Bulletin 
ii) Fixed cost of $24,000 added to all cost estimates based upon staging (both sides) of a 
bulkhead of a Capesize bulk carrier 
iii) $/kg costs are indictive only and may vary depending on Shiprepairer discounts 
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The upper cost of 4.0 US $/kg and lower cost of 2.0 US 
$/kg indicated in Table 2 are based upon typical tariff scales 
for steelweight costs quoted by Korean and Chinese 
Shiprepairers respectively. (Tarrifs as of 2nd Quarter 1997). 
In making this cost comparison, no attempt has been made 
to quantify the off-hire time involved, which it is 
understood could be significantly longer in the case of 
Chinese Shiprepairers for a similar scope of work, or 
address other cost variables between repair centres. 


It will be noted that the published steelweight estimates of 
IACS and Lloyd’s Register are substantially lower than the 
average figures quoted above, and this is thought to be due 
to our consideration of minimum thicknesses and sizes of 
reinforcements, and possibly also due to the use of younger 
bulk carrier designs in the earlier LR and [ACS ramification 
studies. 
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8 Options for Evaluation of 
the Foremost Hold 
Structure 


Lloyd’s Register will consider, on request from Owners or 
Operators of classed bulk carriers, loading restrictions as an 
option when evaluating the foremost hold structure. 


For each of these options, if adopted, the Class notation and 
loading manual of the vessel will require to be amended to 
indicate the associated loading restriction. 


The options that may be considered are: 


* Loading Restriction to Cargoes of Density less 
than 1.78 t/m 


¢ Homogeneous Loading Evaluation 
¢ Reduced Deadweight Evaluation. 


Where Owners or Operators have considered these 
evaluation options, and have also carried out upgrading 
work, none have so far adopted loading restrictions and 
have preferred to upgrade considering the evaluation result 
for the non-homogeneous loading condition and maintain a 
Class notation without any indicated restrictions. 


8.1 Loading restriction to cargoes of 
density less than 1.78 t/m’. 


This loading restriction is appropriate to bulk carriers 
engaged in specialised trades e.g. cement carriage. It is also 
appropriate to those vessels assigned the notation “*#100A1 
Bulk Carrier’ only, without the notation ‘Strengthened for 
Heavy Cargoes’ of which there are only a limited number in 
Class. 


8.2 Homogeneous loading evaluation 


A less onerous evaluation of the Hold No.1/2 bulkhead 
may be obtained by restricting the No. 1 hold loading by 
adopting homogeneous loading conditions. 


When compared with a_ typical non-homogeneous 
evaluation, the advantages and disadvantages of adopting 
the restriction to homogeneous loading can be summarized 
as follows: 
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Advantages: 


¢ Renewal of the bulkhead lower part may be avoided if 
the bulkhead has been well maintained. 


¢ Increased diminution may be allowed up to the 
currently applied limit. 


Disadvantages: 


¢ Reinforcement weight similar to non-homogeneous 
evaluation. 


¢ Adjacent hold cargo filling restrictions to satisfy 
adjacent hold filling ratio of 1: 1.2 for bulkhead 
strength evaluation. 


In the Appendix D example homogeneous loading 
guidance notes and adjacent hold cargo volume filling 
limitation curves are shown. 

8.3 Reduced deadweight evaluation 

A less onerous evaluation of the Hold No.1/2 bulkhead may 
also be obtained by restricting the No. 1 hold loading by 
restricting the hold cargo mass by a reduction in deadweight. 
When compared with a typical non-homogeneous evalu- 
ation, the advantages and disadvantages of adopting a 
restriction in hold cargo mass with a reduction in deadweight 
can be summarized as follows: 


Advantages: 


¢ Renewal of the bulkhead lower part may be avoided if 
the bulkhead has been well maintained. 


Disadvantages: 


¢ Reinforcement weight similar to non-homogeneous 
evaluation. 


¢ Substantial reduction in deadweight necessary to obtain 
a less onerous evaluation. 
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9 Early Upgrading Trends 


In most cases preliminary evaluation work has been 
instigated by Lloyd’s Register without any formal request 
from the Owner. This approach has had benefits in that 
upgrading work is being implemented in advance, 
although the aim of instigating this work early was to 
ensure that our workload was manageable close to the start 
of the implementation period on Ist July 1998. 


9.1 Work completed/planned for Lloyd’s 
Register’s Classed bulk carrier fleet 


Starting from October 1997 Lloyd’s Register has been 
preparing and issuing preliminary evaluation results for 
the foremost hold structure of Classed bulk carriers at the 
rate of about fifty per month. Each evaluation is presented 
to the Owner or Operator in the form of a ship specific letter 
or fax for a non-homogeneous loading condition. An 
example evaluation result letter for a Capesize bulk carrier 
is incorporated in Appendix B. 


As of the end of April 1998 preliminary evaluations have 
been provided to Owners and Operators of about 500 
Lloyd’s Register Classed bulk carriers. With our current 
completion rate of fifty evaluations per month this work 
will be completed for the whole Classed fleet by December 
1998. 


About 30 Lloyd’s Register Classed bulk carriers, with ages 
ranging from 7 years to 20 years old have, as of the end of 
April 1998, been upgraded by their Owners and Operators 
in advance of the implementation date. 


In all of these cases, the Owner or Operator has elected to 
carry out the required scheme of bulkhead upgrading for 
the non-homogeneous evaluation, and for each vessel some 
upgrading work has been required for the Hold No. 1/2 
bulkhead. In the case of one Capesize bulk carrier, partial 
renewal of the end bays of No.1 Hold double bottom 
girders has been recommended to maintain allowable hold 
loading. 


9.2 Older bulk carriers 


For the older bulk carriers, i.e those over 15 years old, 
upgrading of the foremost hold aft bulkhead by complete 
renewal to an increased thickness to satisfy the evaluation 
requirement has commonly been adopted, as bulkhead 
plating diminution levels required renewal work to be 
carried out. 


This work has typically been carried out in repair yards 


where the cost per tonne of steel renewed is comparatively 
low, e.g. China., Turkey, Romania. 
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9.3 Younger bulk carriers 


For the younger bulk carriers, i.e. those less than 10 years 
old, upgrading of the foremost hold aft bulkhead by 
reinforcement has commonly been adopted, as low 
diminution levels are usually found. 


Where reinforcement has been carried out, this has been 
commonly fitted at the time of hold coating work in repair 
yards with a higher cost per tonne of steel reinforcement, 
e.g. South Korea, Singapore, Bahrain. 


Where, as in the case of the ‘United Respect’, partial renewal 
of the bulkhead plating has been required for the scheme of 
upgrading, this work has typically been carried out in 
repair yards with a lower cost per tonne of steel. 
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10 Lloyd’s Register’s 
Provisional Rules 


The IACS Unified Requirements for the evaluation of the 
foremost hold structure have been incorporated, verbatim, 
into Sections 2 and 3 of the recently published Lloyd’s 
Register’s Provisional Rules for ‘Existing Bulk Carriers of 
Rule Length, L, 150 metres and above’. 


On implementation of the UR S19 and $22 evaluation 
requirements the bulk carrier under consideration will be 
eligible for the Enhanced Survivability Class Notation ‘ESN 
(No. 1 Hold)’. 
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11 Recent IMO Initiatives 


A new SOLAS Chapter XII on ‘Additional Safety Measures for 
Bulk Carriers’ (Appendix E) was adopted last November at 
an IMO Diplomatic Conference. 


Regulation 6 of the new Chapter XII requires that the 
foremost hold structure has sufficient strength to withstand 
foremost hold flooding. 


The IACS Unified Requirements, $19 & $22, for evaluation 
of the foremost cargo hold structure have also been 
incorporated, verbatim, into an IMO SOLAS conference 
resolution as a standard of strength for the purpose of 
application of Regulation XII/6. 


Implementation of the UR S19 and $22 evaluation 
requirements also, therefore, ensures compliance with 
Regulation XII/6 which was adopted at the November 1997 
SOLAS Conference. 
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12 UR S23 Damage 
Stability Analysis 


In addition to structural evaluation, [ACS UR S23 
(Appendix A) and SOLAS Chapter XII, Regulation 4 
(Appendix E) requires each bulk carrier to be able to 
survive the flooding of the foremost cargo hold in all 
conditions loaded to the summer load line. Lloyd’s Register 
are also carrying out this analysis on behalf of the Owners. 


12.1 Bulk carriers assigned reduced 
freeboards (Type B-60) 


Bulk carriers which have reduced freeboards assigned will 
already have had to comply with the damage stability 
requirements of either Regulation 27 of the 1966 International 
Convention on Load Line (ICLL) or IMO Res. A320(IX). 
Compliance with either of these Regulations satisfies the 
requirements of SOLAS Chapter XII, Regulation 4. 


As SOLAS Chapter XII, Regulation 4 cross references IMO 
Resolution A.320 (IX) for the conditions of equilibrium after 
flooding, the damage analysis need only be carried out for 
Classed ships assigned a Type B freeboard. 


12.2 Damage stability analysis for bulk 
carriers assigned Type B freeboards 


The analysis required to satisfy SOLAS Chapter XII, 
Regulation 4 involves the computer modelling of a ship’s 
hull and No.1 Hold (the foremost hold). In the flooded 
condition, the ship has to satisfy the stability criteria of IMO 
Res.A320(1X). 


The permeability (1) to be assumed in the hold is 
dependent on whether the hold is loaded, p = 0.90, or 
empty, p = 0.95. For partially filled holds, the exact 
permeability, relevant to a particular cargo, can be 
calculated in way of the cargo whilst 0.95 is used for the 
remaining empty volume. The hold space only need be 
assumed flooded when the ship is in the fully loaded 
condition, i.e loaded down to its maximum assigned 
summer draught. 


Lloyd’s Register holds the hullforms of many ships on 
computer but there are cases when no data is available at 
all. Owners are approached to provide a Lines plan, etc. 


12.3 Typical results of damage stability 
analysis 


Most ships analysed to date (ranging from four to nine hold 
arrangements) have satisfied the stability criteria after 
flooding. Four or five hold ships are, by design, less likely 
to meet the requirements without the main desk being 
immersed at the final damage waterplane which may result 
in non-watertight openings being raised or sealed tight. 


The Owners are advised of the outcome of the analysis and 
where the height of downflooding openings have to be 
increased, they are instructed to arrange for the necessary 
work to be carried out before the due date of 
implementation of the foremost hold structure evaluation. 


In cases where the height of the downflooding openings 
have to be increased a Hull Memorandum will be added to 
the ship’s survey status and details of the modifications 
required will be held by Fleet Services Department for the 
use of Surveyors attending to verify that the work has been 
completed satisfactorily. 
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13 Summary 


This Paper describes the procedure recommended by 
Lloyd’s Register for Owners and Operators to implement 
the retrospective evaluation requirements of [ACS Unified 
Requirements $19 and $22. 


Typical arrangements of bulkhead and double bottom 
upgrading are described, along with, for bulkhead 
upgrading work, photographs of the ‘United Respect’ where 
the upgrading work has been carried out. 


Based upon a large number of evaluations carried out by 
Lloyd’s Register, the expected upgrading work for the 
typical trade optimized sizes of bulk carriers, namely 
Handysize, Panamax and Capesize are indicated, along 
with some estimates of steelweights and US dollar costs 
involved. 


It is reeommended that Owners and Operators of classed 
bulk carriers consider early examination of the affected 
foremost hold structure in order to plan and budget in 
advance, any work required and agree the proposed 
scheme of upgrading with Classification. 
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e Appendix A - IACS Unified Requirement S23 


$23 


$23 


(1997) 
(Rev. 1 
1997) 
(Rev. 2 
April 1998) 


Implementation of [ACS Unified 
Requirements $19 and S22 for Existing 
Single Side Skin Bulk Carriers 


$23.1 


a. 


Application and Implementation Timetable* 


Unified Requirements $19 and S22 are to be applied in conjunction with the damage stability 
requirements set forth in $23.2. Compliance is required: 


i for ships which will be 20 years of age or more on | July 1998, by the due date of the first 
intermediate, or the due date of the first special survey to be held after 1 July 1998, whichever 
comes first; 


ii. for ships which will be 15 years of age or more but less than 20 years of age on | July 1998, 
by the due date of the first special survey to be held after | July 1998, but not later than | July 
2002; 


ili. for ships which will be 10 years of age or more but less than 15 years of age on | July 1998, 
by the due date of the next special survey after the date on which the ship reaches 15 years of 


age but not later than the date on which the ship reaches 17 years of age; and 


iv. for ships which will be less than 10 years of age on 1 July 1998, by the date on which the ship 
reaches 15 years of age. 


Early completion of an intermediate or special survey coming due after | July 1998 to postpone 
compliance is not allowed. 


Damage Stability 


Bulk carriers which are subject to compliance with Unified Requirements $19 and $22 shall, 
when loaded to the summer loadline, be able to withstand flooding of the foremost cargo hold in 
all loading conditions and remain afloat in a satisfactory condition of equilibrium, as specified in 
SOLAS regulation XII/4.2 to 4.6. 


A ship having been built with an insufficient number of transverse watertight bulkheads to satisfy 
this requirement may be exempted from the application of Unified Requirements S19, S22 and 
this requirement provided the ship fulfills the requirement in SOLAS regulation XII/9. 


> Annex for details. 


<> 
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Annex 


Surveys to be held 
The term "survey to be held" is interpreted to mean that the survey is "being held" until it is 
"completed". 


Due dates and completion allowance 

intermediate survey : 

2.1.1 Intermediate survey carried out either at the second or third annual survey: 3 months after 
the due date (i.e. 2nd or 3rd anniversary ) can be used to complete the survey; 

2.1.2. Intermediate survey carried out between the second and third annual survey: 3 months after 
the due date of the 3rd Annual Survey can be used to complete the survey; 

special survey : 3 months extension after the due date may be allowed subject to the 

terms/conditions of PR4; 

ships controlled by “1 July 2002”: same as for special survey; 

ships controlled by “age 15 years” or “age 17 years”: same as for special survey. 


Intermediate Survey Interpretations/A pplications 

If the 2nd anniversary is prior to or on | July 1998 and the intermediate survey is completed prior 
to or on I July 1998, the ship need not comply until the next special survey. 

If the 2nd anniversary is prior to or on | July 1998 and the intermediate survey is completed 
within the window of the 2nd annual survey but after | July 1998, the ship need not comply until 
the next special survey. 

If the 2nd anniversary is prior to or on | July 1998 and the intermediate survey is completed 
outside the window of the 2nd annual survey and after | July 1998, it is taken that the 
intermediate survey is held after 1 July 1998 and between the second and third annual surveys. 
Therefore, the ship shall comply by the 3rd anniversary. 

If the 2nd anniversary is after 1 July 1998 and the intermediate survey is completed within the 
window of the 2nd annual survey but prior to or on | July 1998, the ship need not comply until 
the next special survey 

If the 3rd anniversary is prior to or on | July 1998 and the intermediate survey is completed prior 
to or on | July 1998, the ship need not comply until the next special survey. 

If the 3rd anniversary is prior to or on | July 1998 and the intermediate survey is completed 
within the window of the 3rd annual survey but after | July 1998, the ship need not comply until 
the next special survey. 

If the 3rd anniversary is after | July 1998 and the intermediate survey is completed within the 
window prior to or on | July 1998, the ship need not comply until the next special survey. 


Special Survey Interpretations/Applications 

If the due date of a special survey is after | July 1998 and the special survey is completed within 
the 3 month window prior to the due date and prior to or on | July 1998, the ship need not comply 
until the next relevant survey (i.e. special survey for ships under 20 years of age on | July 1998, 
intermediate survey for ships 20 years of age or more on | July 1998). 


Early Completion of an Intermediate Survey (coming due after 1 July 1998 to postpone 
compliance is not allowed): 

Early completion of an intermediate survey means completion of the survey prior to the opening 
of the window (i.e. completion more than 3 months prior to the 2nd anniversary since the last 
special survey). 

The intermediate survey may be completed early and credited from the completion date but in 
such a case the ship will still be required to comply not later than the 3rd anniversary. 


Early Completion of a Special Survey (coming due after 1 July 1998 to postpone compliance 
is not allowed): 

Early completion of a special survey means completion of the survey more than 3 months prior to 
the due date of the special survey. 

The special survey may be completed early and credited from the completion date, but in such a 
case the ship will still be required to comply by the due date of the special survey. 


a< 
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Appendix B - Example Preliminary Evaluation of a 1990 
Built Capesize Bulk Carrier 


Marine Division 
Lloyd’s Register of Shipping 
100 Leadenhall Street 
London EC3A 3BP 
Telephone +44 171 709 9166 
Fax +44 171 488 4796 

Example Shipping Ltd 

100 Leadenhall Street 

London EC3A 3BP 

Attn. Mr. A.N. Other, Technical Dept 


Date: May 1998 
Dear Sir, 
‘EXAMPLE’ LR (IMO) NO. 8800000 


APPLICATION OF IACS UNIFIED REQUIREMENTS S19, $22 & S23 
(UR S19, UR $22 & UR $23) 


Please find enclosed herewith, for your consideration, evaluation results for application of the above IACS Unified 
Requirements S19 & $22 to the above vessel. 


APPLICATION OF IACS UNIFIED REQUIREMENT S19 (UR S19) 


The scantlings and arrangements of the corrugated watertight bulkhead between No. 1/2 Holds, as indicated on the 
under-noted ‘as-built’ drawing, have been evaluated to the requirements of [ACS UR $22. 


Dwg. No. Title 
1H-7000-201 Midship Section 


In our evaluation calculations to the requirements of UR S19, we have considered a worst case scenario of flooding of the 
No. 1 Hold with the vessel in a non-homogeneous ore loading condition. For this loading condition, the No. 1 Hold has been 
considered to be loaded at a maximum specified cargo mass of 22,000 tonnes at an assumed ore cargo density of 1.78 t/m’. 


Evaluation Results 


The following table and graph plots are enclosed herewith indicating evaluation results for the above non-homogeneous 
loading case. 


a) Table of required ‘net’ and renewal thicknesses in AH32 high tensile steel on evaluation. 


b) Graph of the corrugated bulkhead plating thickness (horizontal) against bulkhead span (vertical). Plots on this 
graph indicate the ‘as-built’ thickness and the current LR permitted wear-down limit of 15%. * 


c) Transparent overlay graph of the results of UR $19 evaluation showing required thicknesses for reinforcement, coating 
or annual gauging, plating renewal and thickness on renewal (horizontal), against bulkhead span (vertical). * 


The intention in providing these two plots is to enable the actual thickness of the bulkhead to be marked onto plot b). 
Overlay of the evaluation transparency c) will allow any required reinforcement, renewal etc., to be read off the 
transparency at the actual thickness the bulkhead under consideration. 


It is suggested that the enclosed table and graph plot evaluation results be considered in conjunction with the 
interpretation notes below. 


* Note that the graph plots b) and c) have been overlaid into the single paper plot attached 
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Interpretation of UR $19 Evaluation Results 


Considering increments of thickness wear-down from the ‘as-built’ thickness, the evaluation results indicate the 
following; 


a) At no wear-down from ‘as-built’ thickness - The thickness of the lower part of the bulkhead is less than tnet + 0.5 mm, 
where the bulkhead lower part tnet = 14 mm. As such, renewal of the lower 2.1 metres of the bulkhead plating is 
required. 


From bending capacity considerations, in association with 18.5 mm thickness AH32 high tensile steel effective gusset 
reinforcements as indicated on the enclosed extract of UR S19, a thickness of 18.5 mm AH32 high tensile steel plating 
(16.0 ‘net’+ 2.5 mm) is required on renewal. A gusset height of 0.65 metres is required. 


A steelweight of 14.0 tonnes is estimated for renewal of the lower 2.1 metres of bulkhead plating in 18.5 mm thickness 
AH32 high tensile steel, and 11.5 tonnes for 18.5 mm thickness AH32 high tensile steel effective gusset reinforcement. 


In addition, from bending capacity considerations, 3 @ 200 x 10.0 mm thickness AH32 high tensile steel corrugation 
flange doubling strips are required for a 7.2 metre vertical extent above the renewed lower part of bulkhead plating. 
Details of flange doubling strip taper and welding are shown on the attached sketch. A steel weight increment of 8.5 
tonnes is estimated for corrugation flange doubling strip reinforcement. 


b) At > 1.0 mm to £ 1.5 mm wear-down from ‘as-built’ thickness - the thickness of the remaining part of the bulkhead 
is within the range tnet + 0.5 mm to tnet + 1.0 mm, where the bulkhead remaining part tnet = 10.5 mm. 


As such, and in addition to the reinforcement indicated in a) above, coating, or annual gauging, is required of the 


bulkhead remaining part from 2.1 metres above the lower stool shelf plate to the upper stool. 


c) At > 1.5 mm wear-down from ‘as-built’ thickness - the thickness of the remaining part of the bulkhead is less than 
tnet + 0.5 mm, where the bulkhead remaining part tnet = 10.5 mm. As such, renewal is required of the bulkhead 
remaining part from 2.1 metres above the lower stool shelf plate to the upper stool. 


From bending capacity considerations, a thickness of 18.5 mm AH32 high tensile steel plating (16.0 ‘net’+ 2.5 mm) is 
required on renewal. 


A steelweight of 72.0 tonnes is estimated for renewal of the bulkhead remaining part in 18.5 mm thickness AH32 high 
tensile steel. 
Procedure for Implementation of UR $19 Evaluation 


The following procedure should be adopted, in association with the above UR $19 evaluation results for the No. 1/2 Hold 
corrugated watertight bulkhead. 


a) Gauging of bulkhead plating assessment of corrugated bulkhead plating to be carried out to obtain the actual thickness 
of bulkhead plating and to determine the required extent of bulkhead upgrading. In this respect, it is considered that 


any proposals for gauging should be submitted in advance to our Fleet Services Dept. for consideration. 


b) Plans indicating proposed bulkhead upgrading modifications, required to satisfy UR $19 requirements at the actual 
thickness determined from gauging assessment, to be submitted for Classification approval. 


c) Bulkhead upgrading work, required to satisfy UR S19, to be completed before the due date of implementation. 


Recommendations for Corrugated Bulkhead Upgrading to satisfy UR $19 


As you will appreciate from the enclosed results, the extent of reinforcement and/or plating renewal required is dependent 
upon the actual thickness of bulkhead plating. In this respect, the minimum recommendations to satisfy UR S19 are as 
indicated in the above paragraph on ‘Interpretation of UR $19 Evaluation Results’ for the actual plating thickness. 


26 LR Technical Association: Paper No. 7. Session 1997-98 


In addition to the requirements for bulkhead reinforcement indicated above, we would advise that for LR classed bulk 
carriers it will be a requirement to upgrade the weld connections of the corrugated bulkhead to lower stool to a deep 
penetration standard, as indicated on the enclosed extract of UR $19. This requirement is from consideration that failure 
of the bulkhead lower end connecting welds could occur under conditions of hold flooding. 

It is further recommended that protective coatings be applied on implementation of the above bulkhead evaluation 
requirements. This is from consideration that due allowance may be given to an associated reduced scope of bulkhead 
close-up survey, and gauging, if bulkhead protective coatings remain efficient at subsequent survey. 

Finally, at the locations where corrugation flange doubling strip reinforcements are proposed, it is also recommended that 
the bulkhead plating in way is suitably prepared and cleaned, by, for example, shot blasting, prior to fitting the 
reinforcing strips. 


Typical Scope of Work for Bulkhead Upgrading Schemes 


For your consideration, we list below the envisaged work elements for the proposed upgrading of the Hold No. 1 Aft 
Bulkhead: 


i) Removal of any existing bulkhead lower end shedder plates. 

ii) Inspection and confirmatory thickness gauging of bulkhead plating. 

iii) | Renewal of lower part of bulkhead plating. 

iv) Surface preparation of corrugated bulkhead plating in way of doubling strip reinforcements. 


v)  Arc-air gouging of weld connections of bulkhead at lower stool shelf and sloping plating and upgrading to a ‘deep 
penetration’. 


vi) Incorporation of gusset reinforcements. 
vii) Fitting of doubling strip reinforcements. 


viii) Application of protective coatings. 


Alternative Proposals to Satisfy UR $19 Evaluation 


The reinforcement and renewal thickness calculated for the transparent overlay assumes that the same steel grade as 
originally fitted will be employed for any renewals required, and that any reinforcement adopted will incorporate flange 
doubling strips and effective shedder and gusset arrangements. 


If, having had the opportunity to study these evaluation results, you require an alternative proposal for satisfying UR S19, 
e.g. homogeneous loading, we will revert with a new transparent overlay of re-assessment results on receipt of advice of 
your alternative proposal(s). 


APPLICATION OF IACS UNIFIED REQUIREMENT $22 (UR S22) 


The scantlings and arrangements of the floors and girders of the No. 1 Hold double bottom, as indicated on the under- 
noted ‘as-built’ drawings, have been evaluated to the requirements of IACS UR $22. 


Dwg. No. Title 

1H-7000-201 Midship Section 

1H-7000-202-200 Construction Profile and Deck Plan 
3H-3100-002-100 Tank Top in Hold including Hopper Tank Const. 


In the evaluation calculations to UR $22 requirements, we have considered a worst case scenario of flooding of the No. 1 
Hold with the vessel in a non-homogeneous ore loading condition. For this loading condition, the No. 1 Hold has been 
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considered to be loaded at the maximum allowable hold load of 22,000 tonnes at an assumed ore cargo density of 3.0 t/m°. 
You will note from the UR $22 requirements that permissible hold loads are calculated from consideration of the shear 
capacity of the outboard bays of floors, and in the case of longitudinal girders the end bays adjacent to the hold end 
bulkheads, in association with an assumed uniform thickness wear-down of these structural elements. 


The results of the evaluation to the requirements of UR $22 indicate that, from consideration of the shear capacity of the 
floors and girders, the scantlings and the approved maximum allowable hold load remain adequate through the range of 
wear-down currently permitted by LR for these structural elements. 

APPLICATION OF IACS UNIFIED REQUIREMENT $23 (UR S23) 


Implementation Date for UR $19 & $22 Evaluations 


The implementation date for compliance with IACS Unified Requirements S19 & S22 is now indicated on the vessel's 
Quarterly Listing of Survey Status. The applicable paragraph of [ACS UR S23 is as follows: 


‘For ships which will be less than 10 years of age on 1 July 1998, by the date on which the ship reaches 15 years of age’. 

Damage Stability Considerations 

Since this vessel has been assigned reduced freeboards under the 1966 International Load Line Convention and, therefore, 
has been accepted as complying with Regulation 27 of that Convention (or IMO Res. A320 (IX) where appropriate), no 
additional damage stability investigation is required. 


COPIES OF IACS UNIFIED REQUIREMENTS S19, $22 & S23 (UR S19, $22 & $23) 


For your further reference, we enclose herewith copies of the latest versions of the above referenced Unified Requirements 
$19, $22 & S23. 


1997 SOLAS CHAPTER XII AMENDMENTS 


You may appreciate that the above [ACS Unified Requirements for the evaluation of the foremost cargo hold aft bulkhead 
and double bottom structure have been adopted, verbatim, by IMO as standards of strength for the purpose of application 
of SOLAS Regulation XII/6. 


Therefore, implementation of the UR S19 and $22 evaluation requirements also ensures compliance with SOLAS 
Regulation XII/6. 


PROVISIONAL RULES FOR ‘EXISTING BULK CARRIERS.....’ 


You may also appreciate that the above IACS Unified Requirements for the evaluation of the foremost cargo hold aft 
bulkhead and double bottom structure have been incorporated, verbatim, into the recently published Lloyd’s Register 
Provisional Rules for ‘Existing Bulk Carriers of Rule Length, L, 150 metres and above’, copies of which were sent to you by 
our Fleet Services Dept. on 23rd January 1998. 


In this respect, we would advise that on implementation of the UR S19 and $22 evaluation requirements the vessel will 
be eligible to be recommended the Enhanced Survivability Class Notation ‘ESN ( No.1 Hold)’. 


It is hoped that the above, and enclosures, are suitable and appropriate to your needs at this time. Should you require 
anything further, please do not hesitate to contact us. 


Yours faithfully 


R.D. Tustin 

Senior Surveyor 

Class Ship Structures Approval Group 
Construction Services Dept. 


Encl. As stated 
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Bulkhead Zone 
(19.4.1) 


Middle Part 
(middle 7.3 m) 


‘Example’ LR (IMO) No.8800000 
1/2 Hold Bulkhead, Application of IACS UR $19 
Alternate Ore Loading Condition (22,000 tonnes @1.78 t/m’) 


Corrugated Bulkhead Re-Assessment for AH32 Steel Construction 


Required ‘Net' Thickness in AH32 Steel by UR S19 Re-Assessment 


Minimum Renewal Thickness in 
AH32 Steel (19.6b) 


Required tr 
mm. from 
Required tre Required te: Required tre Bending 
‘As-fitted’ mm. from Local mm. from mm. from Capacity 
thickness Area Pressure Shear Area Shear Buckling | considerations 
mm considerations | considerations | considerations (19.4.2) with 
(19.4.7) (19.4.2) (19.4.6.2) Effective 
Shedders and 
Gussets 


Minimum Required Thickness, 
mm, on Renewal to satisfy 
Bending Capacity check 
With Effective Gussets 
(19.4.2) 


Lower Part 
(2.0 m abv shelf) 


Note: Paragraph references in the above table are those of IACS UR S19 


oe 


aw 


a 


Height above Lower Stool (m) 


11 


—. As built 
— — 15% Wear down 


— — Minimum Net 
Thickness 


—— Fenew Plating 


—— Coating annual 
Gauging 


—— Reinforce with D PL 
and Gussets 


—— Renewal Thickness 
without 
Reinforcement 


12 13 14 15 16 17 18 19 


Bulkhead thickness (mm) 


a) 


0 


0 


Not to scale 


R50 


1:3 taper 


1m taper 


Double 
Continuous 
Fillet weld 
Throat thickness 
Double 
Continuous 
Fillet weld 
3.0 mm 
Throat thickness 


= be Min. separation 25 mm 


Max. separation 75 mm 


Required vertical extent of 
doubling above weld seam 


1m taper 


Renewed lower part of 
bulkhead plating 
— R50 


5599/23 
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. Gusset plate 
Gusset plate 


GQ) 
Lower stool Lower stool Lower stool 
or inner bottom or inner bottom or inner bottom 
5599/20 
Symmetric gusset/shedder plates Asymmetric gusset/shedder plates 


Extract of UR S19 and sketch 
indicating required arrangement 
of effective gussets 


One-side 
penetration 
welding 


Deep 
penetration 
welding 
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5599/22 


Root Face (f): 3 mm to T/38mm 
Groove Angle (a): 40° to 60° 


Extract of UR S19 indicating required standard of deep penetration welding for upgrading of weld 
connection of corrugated bulkhead to lower stool shelf plate, lower stool sloping plate to shelf plate 
and for connection of gusset plate to corrugated bulkhead. 
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Appendix C - Annex III to IACS Unified Requirement Z10.2 


Z1 0.2 ANNEX III 


cont'd 


Guidelines for the Gauging of the Vertically Corrugated 
Transverse Watertight Bulkhead 
between Holds Nos. 1 and 2 


il Gauging is necessary to determine the general condition of the structure and to define the extent 
of possible repairs and/or reinforcements of the vertically corrugated transverse watertight 
bulkhead for verification of the compliance with UR S19. 


on Taking into account the buckling model applied in UR S19 in the evaluation of strength of the 
bulkhead, it is essential to determine the thickness diminution at the critical levels shown in 
Figures | and 2. 

3: The gauging is to be carried out at the levels as described below. To adequately assess the 
scantlings of each individual vertical corrugation, each corrugation flange, web, shedder plate and 
gusset plate within each of the levels given below are to be gauged. 

Level (a) Ships without lower stool (see Figure 1): 

Locations: 

¢ The mid-breadth of the corrugation flanges at approximately 200 mm above the line of shedder 
plates; 

¢ The middle of gusset plates between corrugation flanges, where fitted; 

¢ The middle of the shedder plates; 

¢ The mid-breadth of the corrugation webs at approximately 200 mm above the line of shedder 
plates. 

Level (b) Ships with lower stool (see Figure 2): 

Locations: 

¢ The mid-breadth of the corrugation flanges at approximately 200 mm above the line of shedder 
plates; 

¢ The middle of gusset plates between corrugation flanges, where fitted; 

¢ The middle of the shedder plates; 

¢ The mid-breadth of the corrugation webs at approximately 200 mm above the line of shedder 
plates. 

Level (c) Ships with or without lower stool (see Figures 1 and 2): 

Locations: 

¢ The mid-breadth of the corrugation flanges and webs at about the mid-height of the corrugation. 

4. Where the thickness changes within the horizontal levels, the thinner plate is to be gauged. 
ay Steel renewal and/or reinforcement is to comply with S19. 


e 


e 


q 


levelc 


ee 
levela 
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Appendix D: Guidance on Hold Filling Limitations to Satisfy 
IACS UR S19 


1.1 


Volume of Cargo in No.2 Hold (Weight/Density) m 


The following guidance notes and hold volume limitation curves have been formulated to assist Owners and 
Operators to plan loading conditions which will ensure that, where homogeneous loading conditions have been 
considered in the application of [ACS UR S19, the hold filling ratio limitation for homogeneous loading incorporated 
in UR S19 is satisfied. 


In [ACS requirements a “.......homogeneous loading condition means a loading condition in which the ratio between the highest and 
the lowest filling ratio, evaluated for the two foremost cargo holds, does not exceed 1.20, to be corrected for different cargo densities.’ 


The following relationship of limiting cargo volume in adjacent holds curves has been considered in order to prepare 
the curve below; 


Weight of Cargo Weight of Cargo in adjacent Hold x 1.2 


Cargo Density — — Cargo Density in adjacent Hold 


The limitation curves indicate cargo volume limitations in the two foremost holds from the lower stool shelf plate to the 
top of the hatch coaming to meet the hold filling limitations incorporated in UR S19. 


Where ore cargoes are carried homogeneously in an untrimmed state it is recommended that, in order to avoid the 
possibility of bulkhead overloading under conditions of hold flooding, the ratio of cargo volumes in adjacent holds lie 
in the middle of the homogeneous loading zone indicated on the hold volume limitation curves. 


Homogeneous Loading Conditions 
in accordance with Section $19.1 of [ACS URS19, where the Cargo Hold Filling Ratio = 1:1.2 
Cargo Volume Limitations in Adjacent Hold Nos. 1 & 2 


25,000 


20,000 


15,000 


10,000 


5,000 


0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000 20,000 
Volume of Cargo in No.1 Hold (Weight/Density) m? 
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Appendix E 


International Convention for the Safety of 
Life at Sea (SOLAS) 1974 as Amended 


Chapter XII - Additional Safety Measures 
For Bulk Carriers 


Regulation 1 - Definitions 
For the purpose of this appendix: 


1 “Bulk carrier” means a bulk carrier as defined in regulation 
IX/1.6. 


.2 “Bulk carrier of single side skin construction” means a bulk 
carrier in which a cargo hold is bounded by the side shell. 


we 


“Length” of a bulk carrier means the length as defined in 
the International Convention on Load Lines in force. 


4 “Solid bulk cargo” means any material, other than liquid 
or gas, consisting of a combination of particles, granules or 
any larger pieces of material, generally uniform in 
composition, which is loaded directly into the cargo spaces 
of a ship without any intermediate form of containment. 


5 “Bulk carrier bulkhead and double bottom strength 
standards” means “Standards for the evaluation of 
scantlings of the transverse watertight vertically 
corrugated bulkhead between the two foremost cargo 
holds and for the evaluation of allowable hold loading of 
the foremost cargo hold” adopted by resolution (4) of the 
Conference of Contracting Governments to the 
International Convention for the Safety of Life at Sea, 1974 
on (27 November 1997) as may be amended by the 
Organization, provided that such amendments are 
adopted, brought into force and take effect in accordance 
with the provisions of article VIII of the present 
Convention concerning the amendment procedures 
applicable to the annex other than chapter I. 


.6 The term “ships constructed” has the same meaning as 
defined in regulation II-1/1.1.3.1. 

Regulation 2 - Application 

Bulk carriers shall comply with the requirements of this 


chapter in addition to the applicable requirements of other 
chapters. 
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Regulation 3 - Implementation schedule 


(This regulation applies to bulk carriers constructed before 
1 July 1999) 


Bulk carriers to which regulations 4 or 6 apply shall comply 
with the provisions of such regulations according to the 
following schedule, with reference to the enhanced 
programme of inspections required by regulation XI/2: 


-1 bulk carriers which are 20 years of age and over 
on, 1 July 1999, by the date of the first 
intermediate survey or the first periodical survey 
after 1 July 1999, whichever comes first; 


.2 bulk carriers which are 15 years of age and over 
but less than 20 years of age on | July 1999, by 
the date of the first periodical survey after 1 July 
1999, but not later than 1 July 2002; and 


3 bulk carriers which are less than 15 years of 
age on 1 July 1999, by the date of the first 
periodical survey after the date on which the ship 
reaches 15 years of age, but not later than the 
date on which the ship reaches 17 years of age. 


Regulation 4 - Damage stability requirements 
applicable to bulk carriers 


.1 Bulk carriers of 150 m in length and upwards of single side 
skin construction, designed to carry solid bulk cargoes 
having a density of 1000 kg/m? and above, constructed on 
or after | July 1999 shall, when loaded to the summer load 
line, be able to withstand flooding of any one cargo hold in 
all loading conditions and remain afloat in a satisfactory 
condition of equilibrium, as specified in paragraph 3. 


.2 Bulk carriers of 150 m in length and upwards of single side 
skin construction, carrying solid bulk cargoes having a 
density of 1780 kg/m? and above, constructed before 
1 July 1999 shall, when loaded to the summer load line, be 
able to withstand flooding of the foremost cargo hold in all 
loading conditions and remain afloat in a satisfactory 
condition of equilibrium, as specified in paragraph 3. This 
requirement shall be complied with in accordance with the 
implementation schedule specified in regulation 3. 


.3 Subject to the provisions of paragraph 6, the condition of 
equilibrium after flooding shall satisfy the condition of 
equilibrium laid down in the annex to resolution A.320(IX) 
- Regulation equivalent to regulation 27 of the 
International Convention on Load Lines, 1966, as amended 
by resolution A.514(13). The assumed flooding need only 
take into account flooding of the cargo hold space. The 
permeability of a loaded hold shall be assumed as 0.9 and 
the permeability of an empty hold shall be assumed as 
0.95, unless a permeability relevant to a particular cargo is 
assumed for the volume of a flooded hold occupied by 
cargo and a permeability of 0.95 is assumed for the 
remaining empty volume of the hold. 
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A Bulk carriers constructed before 1 July 1999, which have 
been assigned a reduced freeboard in compliance with 
regulation 27(7) of the International Convention on Load 
Lines, 1966, as adopted on 5 April 1966, may be considered 
as complying with paragraph 2 of this regulation. 


55 Bulk carriers which have been assigned a reduced 
freeboard in compliance with the provisions of paragraph 
(8) of the regulation equivalent to regulation 27 of the 
International Convention on Load Lines, 1966, adopted by 
resolution A.320(IX), as amended by resolution A.514(13), 
may be considered as complying with paragraphs 1 or 2, as 
appropriate. 


.6 On bulk carriers which have been assigned reduced 
freeboard in compliance with the provisions of regulation 
27(8) set out in Annex B of the Protocol of 1988 relating to 
the International Convention on Load Lines, 1966, the 
condition of equilibrium after flooding shall satisfy the 
relevant provisions of that Protocol. 


Regulation 5 - Structural strength of bulk carriers 


(This regulation applies to bulk carriers constructed on or 
after 1 July 1999) 


Bulk carriers of 150 m in length and upwards of single side 
skin construction, designed to carry solid bulk cargoes having 
a density of 1000 kg/m? and above, shall have sufficient 
strength to withstand flooding of any one cargo hold in all 
loading and ballast conditions, taking also into account 
dynamic effects resulting from the presence of water in the 
hold, and taking into account the recommendations adopted 
by the Organization. [See footnote 254] 


Regulation 6 - Structural and other requirements for 
bulk carriers 


(This regulation applies to bulk carriers constructed before 1 
July 1999) 


.1 Bulk carriers of 150 m in length and upwards of single side 
skin construction, carrying solid bulk cargoes having a 
density of 1780 kg/m® and above, shall comply with the 
requirements of this regulation in accordance with the 
implementation schedule specified in regulation 3. 


.2 The transverse watertight bulkhead between the two 
foremost cargo holds and the double bottom of the 
foremost cargo hold shall have sufficient strength to 
withstand flooding of the foremost cargo hold, taking also 
into account dynamic effects resulting from the presence of 
water in the hold, in compliance with the Bulk carrier 
bulkhead and double bottom strength standards. For the 
purpose of this regulation, the Bulk carrier bulkhead and 
double bottom strength standards shall be treated as 
mandatory. 


3 In considering the need for, and the extent of, 
strengthening of the transverse watertight bulkhead or 
double bottom to meet the requirements of paragraph 2, 
the following restrictions may be taken into account: 


-1 restrictions on the distribution of the total cargo 
weight between the cargo holds; and e 


.2 restrictions on the maximum deadweight. 


A For bulk carriers using either of, or both, the restrictions 
given in paragraphs 3.1 and 3.2 above for the purpose of 
fulfilling the requirements of paragraph 2, these 
restrictions shall be complied with whenever solid bulk 
cargoes having a density of 1780 kg/m? and above are 
carried. 


Regulation 7 - Survey of the cargo hold structure of 
bulk carriers 


(This regulation applies to bulk carriers constructed before 1 
July 1999) 


A bulk carrier of 150 m in length and upwards of single side 
skin construction, of 10 years of age and over, shall not carry 
solid bulk cargoes having a density of 1780 kg/m? and above 
unless it has satisfactorily undergone either: iy 


-1 a periodical survey in accordance with the 
enhanced programme of inspections required by 
regulation XI/2; or 


.2 asurvey of all cargo holds to the same extent 
as required for periodical surveys in the 
enhanced survey programme of inspections 
required by regulation XI/2. 


Regulation 8 - Information on compliance with 
requirements for bulk carriers 


-1 The booklet required by regulation VI/7.2 shall be 
endorsed by the Administration or, on its behalf, to 
indicate that regulations 4, 5, 6 and 7 as appropriate, are 
complied with. 


.2 Any restrictions imposed on the carriage of solid bulk 
cargoes having a density of 1780 kg/m? and above in oe 
accordance with the requirements of regulation 6 shall be 
identified and recorded in the booklet referred to in 
paragraph 1. 


3 A bulk carrier to which paragraph 2 applies shall be 
permanently marked on the side shell at amidships, port 
and starboard, with a solid equilateral triangle having 
sides of 500 mm and its apex 300 mm below the deck line, 
and painted a contrasting colour to that of the hull. 


Regulation 9 - Requirements for bulk carriers not 
being capable of complying with regulation 4.2 due 
to the design configuration of their cargo holds 


(This regulation applies to bulk carriers constructed 
before 1 July 1999) 


For bulk carriers being within the application limits of 
regulation 4.2, which have been constructed with an 
insufficient number of transverse watertight bulkheads to 
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satisfy that regulation, the Administration may allow 
relaxation from the application of regulations 4.2 and 6 on 
condition that they shall comply with the following 
requirements: 


.1 for the foremost cargo hold, the inspections 
prescribed for the annual survey in the enhanced 
programme of inspections required by regulation 
XI/2 shall be replaced by the inspections 
prescribed therein for the intermediate survey of 
cargo holds; 


i) 


are provided with bilge well high water level 
alarms in all cargo holds, or in cargo conveyor 
tunnels, as appropriate, giving an audible and 
visual alarm on the navigation bridge, as 
approved by the Administration or an 
organization recognized by it in accordance with 
the provisions of regulation XI/1; and 


.3 are provided with detailed information on specific 
cargo hold flooding scenarios. This information 
shall be accompanied by detailed instructions 
on evacuation preparedness under the provisions 
of Section 8 of the International Safety 
Management (ISM) Code and be used as the 
basis for crew training and drills. 


Regulation 10 - Solid bulk cargo density declaration 


.1 Prior to loading bulk cargo on a bulk carrier, the shipper 
shall declare the density of the cargo, in addition to 
providing the cargo information required by 
regulation V1/2. 


i) 


For bulk carriers to which regulation 6 applies, unless such 
bulk carriers comply with the requirements of this chapter 
applicable to the carriage of solid bulk cargoes having a 
density of 1780kg,/m? or above, any cargo declared to have 
a density within the range 1250 kg/m to 1780 kg/m shall 
have its density verified by an accredited testing 
organization. 


Regulation 11 - Loading Instrument 


(This regulation applies to bulk carriers regardless of their 
date of construction) 


-1 Bulk carriers of 150 m in length and upwards shall be fitted 
with a loading instrument capable of providing 
information on hull girder shear forces and bending 
moments, taking into account the recommendation 
adopted by the Organization. [See footnote 255] 


ty 


Bulk carriers of 150 m in length and upwards constructed 
before 1 July 1999 shall comply with the requirements of 
paragraph 1 not later than the date of the first intermediate 
or periodical survey of the ship to be carried out after, 
1 July 1999. 
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[Footnote 254} Refer to resolution 3 on Recommendation on 
compliance with SOLAS regulation XII/5, adopted by the 1997 


SOLAS Conference. 


{Footnote 255} Refer to resolution 5 on Recommendation on loading 


instruments, adopted by the 1997 SOLAS Conference. 
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